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First response, revisited 


The Ebola outbreak in West Africa has starkly exposed major gaps in plans to tackle emerging 


infectious diseases. Lessons must be learned. 


3,000 military personnel and US$750 million to lend logistical sup- 
port to civilian efforts to tackle the Ebola outbreak in West Africa. 
Civilian efforts also received a major, if belated, boost from United 
Nations intervention, with a Security Council resolution (see page 469). 
Six months into the outbreak, this massive deployment of the US 
military and the combined resources of the UN is a damning indict- 
ment of the World Health Organization (WHO), the UN’s health arm 
charged with tackling outbreaks of potential international concern. 

The international community has debated pandemic planning 
and outbreak response intensely over the past decade, following the 
SARS (severe acute respiratory syndrome) epidemic and the increased 
awareness of the threat of avian flu. 

In 2005, the WHO member states agreed the International Health 
Regulations (IHR), designed to help the international community 
to respond better to outbreaks. And last year, the WHO adopted an 
Emergency Response Framework to guide its own actions. 

These frameworks have failed miserably in this outbreak, and the 
WHO has been slow and, so far, ineffective. There has been some 
progress in disease surveillance, but the world is little better prepared 
to quickly stamp out a threatening outbreak than it was a decade ago. 

Earlier this month, WHO director-general Margaret Chan told The 
New York Times: “We are not the first responder ... the government 
has first priority to take care of their people and provide health care. 
WHO is a technical agency.” Fair enough, but if the WHO is not the 
first responder to an emergency such as this, then who is? The Ebola 
outbreak clearly demonstrates that response to such events cannot be 
left to the non-governmental organizations (NGOs) and governments 
of some of the poorest countries in the world. 

The IHR states that countries must boost their surveillance and 
outbreak-response capacities, and that individual governments must 
foot the bill. The aspirations are correct: strengthening health-care sys- 
tems everywhere will be the best defence against outbreaks of potential 
international concern. But the reality is that few poor countries have 
anything that resembles a working outbreak-response system. 

Rich countries must make a greater effort to help poor countries 
to boost their health-care systems to defend against outbreaks, which 
would also contribute to the UN’s Millennium Development Goals of 
achieving reductions in child and maternal mortality and other causes of 
morbidity and mortality. The case is strong for a new global health fund 
to help build functioning health systems, on the scale of the multibillion- 
dollar Global Fund to Fight AIDS, Tuberculosis and Malaria. 

But building better health-care systems will take time. One immedi- 
ate step should be to create an international contingency fund. A 2011 
independent review of the IHR called for the creation of a pot of at 
least $100 million that the WHO could immediately tap in the event of 
a public-health emergency. But that sensible proposal has been taken 
nowhere by the WHO’s member states. It should be resuscitated, and its 


L is encouraging that the United States last week committed 


size realistically estimated — $100 million is probably on the low side. 
Also lacking is the capacity to quickly deploy medical supplies, emer- 
gency field hospitals, and people trained in the many aspects of outbreak 
response — from surveillance, epidemiology and virology to imple- 
menting public-health control measures, patient care and biosafety. 
Rapid emergency response to outbreaks must inevitably be done on 
a case-by-case basis, drawing on the resources of individual country 
donors, the UN and NGOs. Flexible interna- 


“Streng thening tional plans and agreements should be put 
health-care in place to allow this. A large reserve corps 
systems of appropriately trained staff should also be 
everywhere established. Lack of personnel has been the 
will be the best biggest bottleneck in the Ebola response. 

defence against In principle, the WHO should be the 


outbreaks.” body best placed to oversee international 


response to outbreaks. It has a total budget 
of $4 billion for 2014 and 2015, less than many large Western hospi- 
tals, but it also spreads itself too thin by trying to do too much. The 
organization's budget for outbreak response is just $110 million a year, 
and funding for preparedness and surveillance is just $140 million. 
Moreover, funds have dwindled and the organization has lost vital 
in-house expertise and talent for responding to outbreaks. 

If member states want the WHO to be more active in outbreak 
response, they must fund it adequately. But the slow and bureaucratic 
WHO must also demonstrate that it is up to the task, and can spend 
its money wisely and act fast. m 


Staff support 


German research organizations need to help 
their workers to defend animal research. 


animal carer at one of Germany’s leading neuroscience labora- 

tories. Pawel stayed at the Max Planck Institute for Biological 
Cybernetics in Tiibingen for more than six months, secretly filming 
the monkeys that are used there to study how the brain works. 

On 10 September, a seven-minute film purporting to show immense 
cruelty and suffering was aired on German television. The scenes of 
animals bleeding from surgery and apparently being manhandled into 
restraining chairs were hard to watch. 

The impact on the institute was immediate. Staff members were 
threatened, and politicians were called on to shut down the research. 

With increasing frequency, animal activists are infiltrating labs where 


| ast year, an animal activist code-named Pawel got a job as an 
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research is done with non-human primates. Four such operations have 
been conducted in the past 18 months alone by the media-savvy British 
Union for the Abolition of Vivisection in London, which has also pro- 
duced an English-language film clipped from Pawel’s footage. 

The Max Planck Society (MPS) — the Tubingen institute's umbrella 
organization— was taken off guard by the furore, but it has responded 
well. Itimmediately set up an independent expert investigation into con- 
ditions for animals in the institute, and published its initial conclusions 
on 18 September. It said that the film gave a false impression and that the 
monkeys are particularly well treated at the institute — although veteri- 
nary staff are working at the limits of their capacity. The MPS declared 
that no new research projects will be initiated there until another vet is 
hired, and until a computer system to record the animals’ consumption 
of food and drink is in place. And rather than insisting that scientists 
keep their heads down, as it has in the past, it sent the institute’s animal- 
welfare officers to a television debate on 17 September. 

More concerning is the fact that the MPS was taken off guard at all. 
The society has delayed moves by the German scientific community to 
create an organization to lobby appropriately for animal research and 
provide professional support in crises such as this one. The moves had 
in any case been much too slow, given Germany's ambition to become 
a biomedical powerhouse, which activist campaigns are undermining. 

Nature has long advocated for professional animal-research lob- 
bies to combat such campaigns with openness. To battle diseases from 
Ebola to Alzheimer’s — which most of society wants to see conquered 
— researchers need to use monkeys. It is a difficult issue, and it is under- 
standable that some people think research using non-human primates 
is too high a price for human health. Some animal activists distort the 
true facts of such work, or threaten scientists, to promote their cause. 
Researchers who use monkeys realize that keeping quiet about their 
work is ineffective. They believe that a more effective — and honest — 
strategy requires them to show the world what they do, and explain why. 

The United Kingdom, France and the Netherlands all have national 
organizations that support and advocate on behalf of animal research. 


The powerful US Society for Neuroscience (SfN) and its European 
counterpart, the Federation of European Neuroscience Societies, have 
specialist committees. “We all know we need to come out of the closet,’ 
says Mickey Goldberg, a neuroscientist at Columbia University in New 
York, who is chair of the SEN committee of animal research and has 

spoken in support of the Tubingen scientists. 
The Max Planck Institute in Tiibingen has, independently of the nerv- 
ous MPS leadership, done a good job of explaining on its website why it 
uses monkeys, and how they are cared for. Yet 


“German coverage of the recent incident suggests that 
scientists have journalists did not turn to it for information. 
led the European They might have used an authoritative and 
discussion on independent professional organization — had 
openness about it existed. Such a group could also have given 
animalresearch, media training to those who might be targeted 
but they have by animal activists, or might need to speak up, 
not been served including research leaders. The representa- 
well by their tives who took part in the television debate 


did a splendid job of defending the Tibingen 
institute's work, but they did not seize the ini- 
tiative to match the activists’ skills in appealing to the emotions of their 
audience by explaining that animal research is needed to save lives and 
alleviate suffering. That is what media training can teach you. 

German scientists have led the European discussion on openness 
about animal research, but they have not been served well by their 
organizations, which have stalled for time, worried and quarrelled 
among themselves. The Tiibingen debacle must be a wake-up call for 
them. There are encouraging signs. Last week, the chastened Alliance of 
Science Organisations in Germany — whose members include the MPS 
as well as universities and granting agencies — agreed to present plans 
for an independent organization in the “foreseeable future”. It should 
do this fast. Animal-activist groups in Europe are becoming ever more 
professional, well organized, coordinated and well funded. The research 
community needs to match them. = 


organizations.” 


Special interest 


As the Scottish referendum showed, scientists’ 
views can influence political debate. 


position on national and international events. Taken too far, such 

an approach breeds satire — see the ‘local man lost at sea line, 
a possibly apocryphal headline from a regional newspaper's report 
on the sinking of the Titanic. But it can sometimes help to drill into 
general-interest topics; what is the wider world if not an ever-shifting 
collection of individual groups of special interests? 

To some outside the British Isles (and some inside), last week’s deci- 
sion by the people of Scotland to remain with the United Kingdom 
merely saw the status quo continue. No iceberg, no shipwreck. Yet 
there are lessons for scientists; they just have to see them. 

As is normal in independence debates, the political fight over 
Scotland’s future was rancorous. And when the result — 55% no to 
independence, 45% yes — came in early on Friday morning, many sci- 
entists were among those either elated or mourning a lost opportunity. 

It would be going too far to say that debates about how science would 
fare in an independent nation became central to the decision. But the 
prospects for research did provide an intriguing and relevant subplot. 

Pressure groups on both sides — Academics for Yes and rivals 
Academics Together — received significant airtime. Heavyweights 
from UK learned societies were wheeled out to make the case for the 
union in that most British of political statements: a letter to The Times 


E is natural for local and specialist media to seek a relevant 
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newspaper. Scientific leaders were presented front and centre as part 
of the dialogue, and both research and academic freedom in Scottish 
universities were held by both sides as a prize to value and fight for. 
In the days leading up to the vote, Alex Salmond, leader of the Scot- 
tish government and the independence movement, was attacked over 
claims that he bullied the head of the University of St Andrews, Louise 
Richardson, because of her unfavourable (to him) views. 

The media, and through them the UK public, were interested in 
more than just researchers’ political opinions and analysis of their 
funding streams: scientists’ daily work was also enlisted. Estimates of 
the size of the oil reserves in an independent Scotland became front- 
page news and even the subject of conspiracy theories, with allegations 
that the unionist UK government was concealing the true, vast scale 
of Scotland’s potential future wealth. 

The story has some way yet to run. Scotland will get extra powers to 
tax and spend — a sop promised to separatists in the desperate cam- 
paigning (see Nature http://doi.org/vvm; 2014). These may even end up 
resulting in more money for science. But the message from the politi- 
cians and the public is already clear: science is important and the views 
of scientists occupy a privileged place in debates. This may not surprise 
anyone but it is worth saying, especially at a time when researchers 
from Australia to Canada feel under-served by their political masters. 

Lobbying for science is too important to be left to the science lobby 
alone, as effective as it can be. Every scientist can do more to talk up 
the importance of what they do. Researchers who care nothing for 
Scotland and have no comprehension of the 
differences between the United Kingdom, Great 
Britain, England, Scotland, Wales and Northern 
Ireland should still care about this message. Your 
voices carry great weight: use them. m= 
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importance of the narrow Bosporus strait, which famously 

divides east and west, and have pledged to build a waterway that 
bypasses the channel to more efficiently connect north and south. 
The latest proposed version of this crazy scheme is called the Kanal 
Istanbul, and is the brainchild of Turkey’s new president (and former 
prime minister) Recep Tayyip Erdogan. 

Erdogan wants to dig an equivalent of the Suez Canal in western 
Istanbul. Some 400 metres wide and 25 metres deep, the artificial 
waterway would stretch nearly 50 kilometres to connect the Sea of 
Marmara with the Black Sea. 

He would like to see the canal open for the 2023 centenary of the 
Turkish republic. Erdogan’s election last month, and his stated inten- 
tion to bolster the power of the previously mostly 
ceremonial presidential role, will inevitably give 
the canal idea a political boost. 

But details of the project are murky. It certainly 
has no legal basis, mainly because a metropolitan 
plan laid out for Istanbul in 2006 (and amended 
slightly in 2009) has no provision for it. It might 
be no coincidence that Erdogan’s government 
modified planning-related regulations in 2013 
to exempt selected large projects from legally 
required environmental-impact assessments. 

Scientists worldwide should put pressure on 
Turkey and Erdogan to carry out such an assess- 
ment of the proposed Istanbul canal, and to make 
the results public. The project must prove itself to 
be environmentally sustainable before it proceeds. 

The surrounding marine environment is 
already under severe threat of pollution. Not 
long ago, the shores of the Sea of Marmara were lined with quiet coves, 
beaches, small fishing villages and clusters of summer homes. I consider 
myself lucky to have spent my entire youth, in the 1950s and 1960s, in 
the glorious natural surroundings of Istanbul; I still enjoy remembering 
the magnificent beaches that extended along the coastline. 

This is now nothing but history. In the past few decades, the rapid 
population growth and urban expansion of Istanbul has extended to 
the entire shoreline — as residential areas, industrial zones, energy 
plants and shipyards. The water body is now dangerously polluted 
owing to several wastewater discharges from Istanbul and other 
sources along the coastline. 

And an unusual physical feature of the Marmara could be its 
downfall. It is permanently and strongly stratified into two separate 
layers. So, too, is the Bosporus, which flows in 


i or centuries, Turkish rulers in Istanbul have realized the strategic 


two directions at once. The lower layer carries NATURE.COM 
water north, from the Marmara to the Black Sea; __ Discuss this article 
the upper layer brings less dense water back the __ online at: 


other way. go.nature.com/xcfhb8 


ISTANBUL 
STILL DISCHARGES 
MUCH OF ITS 


SEWAGE 
UNTREATED 


DIRECTLY INTO THE 


ENVIRONMENT. 


Istanbul canal needs 
environmental study 


Scientists must ensure that the ambitious plan of Turkey’s president does not 
move forward without a thorough impact assessment, says Derin Orhon. 


Istanbul is unusual among major cities in that it still discharges 
much of its sewage and wastewater untreated directly into the envi- 
ronment. In the early 1970s, on the basis of the limited scientific data 
available at the time, a series of master-plan studies concluded that all 
discharges made to the lower layer of the Bosporus and the Marmara 
would be transported to the Black Sea, without significant mixing or 
interference with the upper layer, and consequently with no detrimen- 
tal effect on the water quality of the Marmara. 

Every day, more than two-thirds of the Istanbul’s raw effluent is 
poured into the Marmara and the Bosporus — some 1,100 tonnes of 
organic matter, 130 tonnes of nitrogen and 20 tonnes of phosphorus, 
as well as a wide spectrum of other chemicals and hazardous materials. 

Contrary to the 1970s findings, much of this pollution does not get 
carried away to the Black Sea. Significant mix- 
ing between the two layers of the Bosporus does 
occur, particularly where it meets the Marmara. 
From a scientific perspective, the most unsuit- 
able location for wastewater disposal would 
undoubtedly be the mixing zone between the 
Bosporus and the Marmara. However, two 
major untreated discharges, from the districts 
of Kadikéy and Yenikapi, and which account 
for around 40% of the total wastewater load in 
Istanbul, are directly located in this mixing zone. 

In total, about 40% of Istanbul’s waste does a 
U-turn and is dumped into the once-picturesque 
sea on its doorstep. Erdogan’s canal could worsen 
the situation. First, in opening a channel for the 
waters of the Black Sea to mix with the Marmara, 
it offers a new route for polluted water to head 
south. The Black Sea is already a substantial pol- 
luter of the Marmara. Monitoring studies indicate more than 30 tonnes 
of nitrogen and 9 tonnes of phosphorus are carried south each day in 
the upper current of Bosporus. 

Second, there will be an indirect increase in the amount of waste- 
water generated in and around Istanbul, because work on a new canal 
will probably catalyse further development. At present, much of this 
extra waste will finish in the Marmara. 

Erdogan himself has called the idea of the canal “crazy and mag- 
nificent”. He talks of diverting all tanker traffic through it, and the 
Bosporus being restored to a river that the city can be proud of, com- 
plete with water sports. 

Magnificent? We certainly cannot afford to just wait and see. 
Crazy? Rigorous science would not allow a proposed plan such as 
this to remain so. = 


Derin Orhon is emeritus professor at the Istanbul Technical University 
in Turkey, and a member of The Science Academy in Istanbul. 
e-mail: orhon@itu.edu.tr 
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Cord-blood cells 
made plentiful 


A group of small molecules can 
spur the growth of stem cells 
from umbilical cord blood. 
These could one day be used 
as transplants to treat, for 
example, certain blood cancers. 
Guy Sauvageau at the 
University of Montreal in 
Canada and his colleagues 
screened a library of small 
molecules for ones that 
stimulate the proliferation 
of human cord-blood stem 
cells that drive the long-term 
production of all blood cells. 
They found one molecule 
that worked particularly 
well and synthesized an 
optimized version, UM171, 
that performed even better. 
This molecule triggered the 
expansion of cord-blood stem 
cells that, when transplanted 
into mice, generated the full 
array of mature blood cells. 
Cord-blood stem cells could 
be an alternative to bone- 
marrow transplants, which are 
currently in short supply, the 
authors say. 
Science 345, 1509-1512 (2014) 


Boring invaders 
held at the border 


Insect traps near busy ports 
could provide crucial early 
warnings of the arrival of 
invasive tree-boring beetles. 
These pests can damage 
forests and can travel around 
the world hidden in wood. 
So Davide Rassati and his 
colleagues at the University 
\ of Padua in Legnaro, Italy, 
\ laid out 


RCH HIGHLIGHTS 


Selections from the 
scientific literature 


ZOOLOGY 


Clock ticks for tiny group of fish 


One of Earth's rarest fish, the Devil’s Hole 
pupfish, is often cited as an unusual example of 
a small but long-lasting population of animals. 
But these fish may not have been isolated for as 


long as once thought. 


Less than 100 adult pupfish (Cyprinodon 
diabolis, pictured) live in a small pool in 
the southwestern United States, and they 
have supposedly been there for 10,000 to 
20,000 years. Michael Reed at Tufts University 
in Medford, Massachusetts, and Craig 


bait to lure the beetles into 
traps at 15 Italian ports and 
in the surrounding forests. 
They caught 14 alien species, 
including Cordylomera 
spinicornis (pictured), along 
with native beetles from the 
Scolytinae, Cerambycidae and 
Buprestidae families, including 
four species never before found 
in Italy. The number of alien 
species correlated with the 
volume of imports at the ports. 
The authors suggest that 
traps in busy ports could 
help the fight against these 
economically damaging 
invasive pests. 
J. Appl. Ecol. http://doi.org/vrj 
(2014) 
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Stockwell at North Dakota State University in 
Fargo analysed genetic data from C. diabolis, 
along with their numbers over time. They 
concluded that the fish have been living in this 


pool for only a few hundred to a few thousand 


Flu virus comes in 
various flavours 


The proteins that make up the 
influenza viral particle differ 
depending on which species 
the virus was generated in. 
The composition ofa virus 
is important for its ability to 
infect and spread. Edward 
Hutchinson, Ervin Fodor 
and their colleagues at the 
University of Oxford, UK, 
used mass spectrometry to 
identify and quantify the 
proteins in seven different flu 
viruses derived from either 
mammalian tissue or chicken 


years, and will probably become extinct within 
the next 400 to 3,000 years. 

This means that C. diabolis is no exception 
to the rule that small, isolated populations 
cannot persist for long. 

Proc. R. Soc. B 20141648 (2014) 


eggs. The authors founda 
common core architecture of 
proteins, but some components 
were unique to the host. 

The finding suggests that flu 
vaccines grown in chicken eggs 
or mammalian tissue could 
have different compositions. 
Nature Commun. 5, 4816 (2014) 


CANCER IMMUNOLOGY 


Therapy broadens 
immune response 


A drug that activates the 
immune system against a 

type of skin cancer does so 

by promoting new immune 
responses to cancer, rather than 
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amplifying pre-existing ones. 
The melanoma drug 
ipilimumab boosts the activity 
of immune-system cells called 
T cells, which recognize 
a variety of molecules on 
tumour cells, marking them 
for destruction. Pia Kvistborg 
and Ton Schumacher of the 
Netherlands Cancer Institute 
in Amsterdam and their 
team compared T cells from 
melanoma patients before 
and after treatment and found 
that the drug broadened the 
range of melanoma targets 
recognized by T cells. But 
melanoma-specific T cells that 
were already present before 
treatment did not expand their 
ranks, suggesting that the drug 
stimulates new responses. 
Boosting the range of T cells 
could be a useful strategy for 
other cancer immunotherapies, 
the authors say. 
Sci. Transl. Med. 6, 254ra128 
(2014) 


Photons made to 
dance together 


Physicists have made two 
beams of light interact at the 
level of individual photons. 
Getting photons to 
interact is important for 
all-optical computation and 
for producing new quantum 
states of light. Kristin Beck at 
the Massachusetts Institute 
of Technology in Cambridge 
and her colleagues crossed two 
beams of light inside a cavity 
filled with trapped and cooled 
caesium atoms. When photons 
from each beam tried to pass 
through the system at the 
same time, the trapped atoms 
changed their internal state, 
allowing only one photon to 
be transmitted, while the other 
one was reflected or scattered. 
The interaction creates 
two entangled beams of light, 
which the authors say could 
eventually be used to improve 
the accuracy of measurements, 
such as of a gyroscopes 
rotation, that would otherwise 
be limited by the laws of 
quantum mechanics. 
Phys. Rev. Lett. 113, 113603 
(2014) 


CHEMISTRY 


On the trail of a 
drug in plants 


The painkiller tramadol is 
not made naturally by plants 
despite last year’s surprising 
finding that the drug was 
present in the roots ofa 
Cameroonian plant (Nauclea 
latifolia). 

Michael Spiteller from 
the Technical University of 
Dortmund in Germany and 
his team analysed plant, water 
and soil samples in Cameroon 
and interviewed local residents 
to track down the true 
explanation. Farmers in the far 
north area have been giving 
tramadol to their cattle, which 
then excrete the drug and its 
metabolites into soil and water. 
The painkiller is subsequently 
absorbed by plant roots. 

The authors say this off- 
label use of tramadol poses a 
risk to health because it also 
contaminates local water 
supplies. 

Angew. Chem. Int. Ed. http://doi. 
org/f2t7tg (2014) 


| GENOMICS 
Mutation has big 
disease effect 


A genetic mutation is 
associated with a change ina 
person’s risk of heart disease 
from high to low — one of the 
first rare gene variants found, 
by sequencing large numbers 
of people, that has a sizable 
impact on disease risk. 

Nicole Soranzo of the 
Wellcome Trust Sanger 
Institute in Hinxton and 
Nicholas Timpson of the 
University of Bristol, both 
in the United Kingdom, led 
a team that sequenced the 
genomes of 3,202 Europeans 
with known levels of blood 
triglycerides — fatty acids 
linked to increased risk of 
heart disease. They discovered 
that one variant of the APOC3 
gene, found in less than 0.2% 
of the study participants, was 
associated with reductions in 
triglyceride levels that they 
estimated were large enough 
to significantly lower an 
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SOCIAL SELECTION 


Popular articles 
on social media 


How to draw perfect figures 


Jumbled charts and misleading graphs — illustrations in 
a paper can go wrong in many ways. Now, a treatise that 
attempts to rescue science from bad figures has been getting 


rave reviews on social media. 


Using original illustrations — some elegant, some clunky 
— to prove key points, “Ten simple rules for better figures’ 
tries to steer researchers away from common pitfalls. The first 
tip: know your audience. A stripped-down graph that might 
make sense to your closest colleagues could prove baffling to 
anyone else. Many researchers on social media were grateful 
for the advice. Andrew Jackson, an evolutionary ecologist 
at Trinity College Dublin, tweeted: “Magic. Using that in 
lectures for sure. Incoming students take note!” 

PLoS Comput. Biol. 10, €1003833 (2014) 


Based on data from altmetric.com. 
Altmetric is supported by Macmillan 
Science and Education, which owns 
Nature Publishing Group. 


individual’s risk level. 

The results support the 
idea that sequencing large 
populations can uncover rare 
genetic mutations that have a 
major impact on disease risk. 
Nature Commun. 5, 4871 (2014) 


Squid skin inspires 
colourful display 


A flexible material can display 
patterns much in the same 
way that cuttlefish, octopuses 
and squid (pictured) form 
colourful spots in their skin. 
To quickly change their 
appearance and camouflage 
themselves, such cephalopods 
use their muscles to stretch 
and relax small sacs of 
pigment under their skin. 
A team led by Xuanhe 
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Zhao of the Massachusetts 


Institute of Technology in 
Cambridge developed an 
artificial equivalent using 
silicone rubber and organic 
compounds called spiropyran 
mechanophores, which glow 
when exposed to force. The 
researchers control the display 
by applying an electric field to 
deform the silicone, causing 
the mechanophores to glow 
in various repeated patterns 
including lines, circles and 
letters. 

The display size and 
resolution could be scaled 
up for use as a camouflaging 
coating, the authors say. 
Nature Commun. 5, 4899 (2014) 


> NATURE.COM 

For the latest research published by 
Nature visit: 
www.nature.com/latestresearch 


25 SEPTEMBER 2014 | VOL 513 | NATURE | 463 
© 2014 Macmillan Publishers Limited. All rights reserved 


SEVEN DAYS nscesins 


POLICY 


Scotland stays 

On 18 September, voters in 
Scotland decided by a majority 
of 55% to remain part of 

the United Kingdom. Many 
scientists cheered the result, 
saying it would give Scotland 
continued access to its current 
levels of research funding from 
UK-wide sources. See Nature 
http://doi.org/vt2 (2014) and 
page 460 for more. 


Ebola threat 


The Ebola virus strain 
spreading throughout West 
Africa could be deadlier 

than thought, with a death 
rate of about 70% instead of 
50%, epidemiologists report 
(WHO Ebola Response Team 
N. Engl. J. Med. http://doi.org/ 
vvw; 2014). Patients treated 
in hospital seem to have the 
best chance of surviving, the 
authors say. Meanwhile, the 
United States and the United 
Nations have pledged to ramp 
up their response to the crisis. 
See page 469 and go.nature. 
com/qak4pe for more. 


Antibiotics push 
The US government released 
a national strategy on 

18 September to combat 
antibiotic-resistant bacteria. 
The plan includes improved 
methods for diagnosing and 
tracking antibiotic-resistant 
infections, and incentives 
for researchers and drug 
companies to develop new 
antibiotics. See page 471 
and go.nature.com/bguvaz 
for more. 


GM crops approved 
The US Department of 
Agriculture approved 

on 17 September the 
commercialization of 
genetically modified (GM) 
maize (corn) and soya 

beans that are engineered 

to tolerate two herbicides. 
The agency also announced 


Extreme drought fuels California fires 


Firefighters in California last week battled 

to gain control of several large wildfires that 
raged through the central and northern 

parts of the drought-stricken state. The most 
significant blaze, the King Fire near Placerville 
(pictured), started on 13 September, and 

by 23 September had burned more than 

350 square kilometres. The California 


that it would deregulate the 
traits, developed by Dow 
AgroSciences of Indianapolis, 
Indiana. The Environmental 
Protection Agency has yet 

to rule on the company’s 
herbicide — a mix of 
glyphosate and 2,4-D — to be 
used on the plants. The GM 
crops and herbicide mix will 
probably be used to combat 
the rise in glyphosate-resistant 
weeds, but some worry that 
overuse will lead to weeds that 
are resistant to both herbicides 
(see Nature 510, 187; 2014). 


HFC sunset 


To accelerate the phase-out 
of potent greenhouse gases 
used in refrigerants and air 
conditioning, US President 
Barack Obama announced on 
16 September pledges from 
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major chemical companies 
and retail firms to shift 
rapidly away from the use of 
hydrofluorocarbons (HFCs). 
The voluntary commitments 
are expected to reduce 
global HFC consumption 

by the equivalent of 

700 million tonnes of carbon 
dioxide by 2025, the White 
House says. 


Rules for whaling 


Ata meeting last week in 
Portoroz, Slovenia, the 
International Whaling 
Commission passed tougher 
rules for proposed ‘scientific 
whaling projects, adding a 

list of criteria that includes 
consideration of whether 
lethal catches are scientifically 
reasonable. Scientific whaling 
is controversial, and some 


drought, now in its third year, has wreaked 
havoc on native ecosystems (see Nature 512, 
121-122; 2014) and exacerbated seasonal fire 
risks. On 16 September, in response to the 
water shortage, Governor Jerry Brown signed 
a series of bills that would begin to regulate 
the extraction of groundwater, which supplies 
40-60% of California’s water usage. 


researchers allege that 

Japan has used it as a cover 
for commercial whaling. 

The International Court of 
Justice ruled earlier this year 
that Japan's hunts were not 
for scientific purposes, but 
Japan has pledged to revise its 
scientific-hunting scheme. 


Sea-ice minimum 


Arctic sea-ice coverage 
reached its probable annual 
minimum on 17 September, 
spanning 5.02 million square 
kilometres. The measurement, 
reported by the US National 
Snow and Ice Data Center in 
Boulder, Colorado, continues 
a trend of lower-than-average 
coverage, and is the sixth- 
lowest in the satellite record. 


NOAH BERGER/REUTERS/CORBIS 


LOCKHEED MARTIN 


SOURCE: NSF/NCSES 


Meanwhile, sea ice around 
Antarctica continues to follow 
an opposite trend, exceeding 
the record maximum extent 
set last year. See go.nature. 
com/urlbe6 for more. 


| RESEARCH 
NIH cleared 


US government inspectors 
have concluded that the 
National Institutes of Health 
(NIH) did not interfere in the 
oversight of a controversial 
clinical trial in premature 
infants. A public watchdog 
organization had alleged that 
the NIH acted inappropriately 
in 2013 when the agency 
disputed findings from the 
Office for Human Research 
Protections, which said that 
consent forms failed to fully 
disclose the trial’s risks (see 
Nature http://doi.org/vt3; 
2014). Ina report last week, 
inspectors concluded that 
the NIH merely argued its 
case without overstepping its 
bounds. 


Arrival at Mars 


Mission scientists and 
engineers (pictured at 
Lockheed Martin in Littleton, 
Colorado) cheered the 
insertion of NASAs MAVEN 
spacecraft (Mars Atmosphere 
and Volatile Evolution) 

into orbit around Mars on 

21 September, after a ten- 
month journey. The mission 
will focus on studying the 


TREND WATCH 


US employment rates for 
PhD recipients in science, 
engineering and health 
increased slightly from 
97.6% in 2010 to 97.9% in 
2013, according to statistics 
published this month by the 
National Center for Science 
and Engineering Statistics 
in Arlington, Virginia. 
Mathematics and statistics 
doctorates had the highest 
rates of employment, while 


physical scientists and engineers 


saw the steepest increases in 
employment since 2010. 


upper atmosphere of the red 


planet. 
px22mw for more. 


US spending bill 

The US Congress has passed 

a US$1.012-trillion stopgap 
spending bill, which would 
fund government operations 
from 1 October — the start 

of the 2015 fiscal year — until 
11 December. The bill includes 
$30 million to send health 
workers and resources to fight 


grants’ on 17 September. 


See go.nature.com/ Winners include Yitang 


towards proving that prime 


doi.org/vrs; 2013). Each 


paid over five years. See 


the Ebola outbreak in West 


Africa, and $58 million to 
develop drugs and vaccines 
against the disease. See 
go.nature.com/pg1oxq for 


more. 


AWARDS 


Genius grants 

The MacArthur Foundation in 
Chicago, Illinois, announced 
the recipients of its 2014 ‘genius 


A Chinese court has fined 


drug giant GlaxoSmithKline 
£297 million (US$485 million) 
after finding it guilty of bribery, 
the London-based firm said 

on 19 September. The verdict 
follows an investigation into 
whether the company bribed 


physicians and officials to 


BACK TO WORK 


Employment rates for most US science PhDs rose in 2013, 
but prospects stayed flat for biology graduates. 


US employment rate (%) 
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Zhang, a mathematician at the 
University of New Hampshire 
in Durham, who in May 2013 

madea major breakthrough 


numbers follow a particular 
pattern, called the ‘twin-prime 
conjecture’ (see Nature http:// 


MacArthur Fellows Program 
award comes with a no-strings- 
attached US$625,000 stipend 
go.nature.com/arjf37 for more. 


| BUSINESS 
Pharma firm fined 


SEVEN DAYS | THIS WEEK | 


OMINGUP | 
26-30 SEPTEMBER 
The European Society 
for Medical Oncology 
holds its 2014 meeting 
in Madrid. Researchers 
will discuss blood 
biomarkers of cancer, 
genetic heterogeneity in 
tumours and advances 
in clinical-trial design. 
go.nature.com/I9rynb 


boost sales in China. Five 

of the company’s managers 
were convicted of bribery- 
related charges and received 
suspended prison sentences, 
according to the state-run 
Xinhua news agency. 


Focus on bioscience 


German chemical company 
Bayer said on 18 September 
that it would spin off its 
materials-science division 

as a separate company, and 
focus solely on life sciences. 
The Leverkusen-based firm 
will shift resources towards 
expanding its health-care and 
crop-science divisions, which 
together generated about 

€29 billion (US$36 billion) in 
sales last year — roughly 70% 
of the company’s total sales. 


Space taxis 


US astronauts will soon fly to 
and from the International 
Space Station on spacecraft 
operated by two private 
companies, NASA announced 
on 16 September. Since the 
agency retired the space-shuttle 
programme in 2011, astronauts 
have been relying on Russian 
Soyuz vehicles. Now NASA has 
given grants of US$4.2 billion 
to Boeing of Chicago, Illinois, 
and $2.6 billion to SpaceX of 
Hawthorne, California; each 
will demonstrate at least one 
crewed test flight and then 
conduct between two and six 
crewed missions to the space 
station. The flights are slated to 
begin in 2017. 


> NATURE.COM 
For daily news updates see: 
www.nature.com/news 
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the heart of Chinese beckons for cheap easy surveillance tool gets 
science p.468 solar power p.470 green light p.472 


WIND POWER United States 
struggles to harness its vast 
resource p.478 


ELECTIONS 


Brazil warming to 
‘green’ policies 


Activist Marina Silva is gaining ground in presidential polls. 


BY JEFF TOLLEFSON 


arina Silva rose from poverty deep 
Mi: the Amazon jungle to become a 

prominent politician and the advo- 
cate who kick-started Brazil’s battle against 
deforestation. Now she is clashing with an old 
foe, President Dilma Rousseff, in a wild elec- 
tion that could reshape the nation’s environ- 
mental policy. 

Silva’s sudden ascent is almost as shocking 
as the event that prompted it: a plane crash on 
13 August that killed presidential candidate 
Eduardo Campos. That pushed Silva, his run- 
ning mate, to the top of the centre-left Brazilian 


Socialist Party. Although the Campos-Silva 
ticket had struggled to gain traction, Silva is 
now in a statistical dead heat with Rousseff 
going into the election on 5 October; the two 
women are expected to face off in a runoff vote 
three weeks later. 

As a third-party contender, Silva has 
promised a break from traditional politics 
amid growing anger over Brazil’s stagnant 
economy and political corruption that has 
tainted the Workers’ Party led by former presi- 
dent Luiz Inacio ‘Lula da Silva and his succes- 
sor, Rousseff. But the campaign has also shown 
that Silva's grassroots ‘socio-environmental- 
isny has wider appeal than many once believed. 


Almost one-fifth of Brazilians supported 
Silva when she ran for president under the 
Green Party banner in 2010, but she seemed 
destined to remain a protest vote. After briefly 
trying to form her own party, she joined forces 
this year with Campos, a popular governor 
from the northeastern state of Pernambuco 
and Lula’s former science minister. 

“There has been a sea change in the politi- 
cal culture in Brazil, and Marina is one of the 
people who has brought it about,” says Steve 
Schwartzman, an anthropologist with the 
Environmental Defense Fund, a non-profit 
advocacy group in New York, who began 
working with Silva in the 1980s. 

Silva’s impoverished childhood stands in 
stark contrast to that of Rousseff, an econo- 
mist who grew up in a well-off family and 
received a solid education. Born into a poor 
forest community in 1958, Silva suffered mer- 
cury poisoning, hepatitis and malaria as a child 
and moved to the city of Rio Branco to receive 
hepatitis treatment at the age of 16. There she 
began her education at a Catholic convent and 
went on to earn a degree in history. 


DEFORESTATION CAMPAIGNER 

In 1984, she joined forces with environmental- 
ist Chico Mendes, a rubber tapper whose 1988 
murder helped to put the destruction of the 
Amazon rainforest onto the geopolitical map. 

Silva was elected to the Brazilian Senate 
in 1994, at the age of 36, as a member of the 
Workers’ Party. Lula appointed her as envi- 
ronment minister when he took office in 
2003, and Silva quickly transformed Brazil’s 
governance of the Amazon, pulling multiple 
government branches into a new enforcement 
regime that has helped to drive a 79% decrease 
in deforestation over the past decade. 

“She was always directly engaged, very 
smart, and she listens a lot,” says Thelma Krug, 
who served as Silva's chief climate-change 
adviser and is now assistant director at the 
National Institute for Space Research in Sao 
José dos Campos. 

A devout evangelical, Silva speaks softly 
but commands attention. She is not afraid to 
stand up for her goals and values: she resigned 
as environment minister in 2008, feeling her 
agenda had been ignored in repeated bat- 
tles over dams and development plans with 
other administration officials, Rousseff 
included. Krug’s only concern is how Silva 
will cope with the harsh political realities in > 
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IN FOCUS 


Brasilia. “Marina does not negotiate on 
principles,” she says. 

Others go a step farther. “I think she is a 
little too radical,’ says Pedro Alves Vieira, a 
geologist at the State University of Goids and 
environment secretary for the municipality 
of Goias. Although Silva has hewed to the 
centre during the campaign, Vieira fears that 
she may be too focused on the environment, 
too religious and too rigid for the presidency. 

But some of Silva’s 

Ithink it major stances have 

fo evolved. As environment 

minister, she opposed 

the introduction of 

genetically modified soya beans, but has 

since sought to mend fences with the pow- 

erful agribusiness industry — stressing that 

modern agriculture, practised legally, is not 
at odds with forest protection. 

Her plan for sustainable development 
focuses on stemming Brazil's gradual shift 
toward fossil fuels: renewable energy fell 
from 95% of the nation’s energy mix in the 
1990s to 78% in 2013, according to her cam- 
paign. To reverse that trend, she is calling for 
the installation of solar panels on 1 million 
homes and the revitalization of the sugar- 
cane ethanol sector, which has struggled to 
compete with heavily subsidized petrol. She 
is also pushing for sustainable forest conces- 
sions geared toward biomass energy. 

By contrast, Rousseff has put more 
emphasis on dozens of large-scale hydro- 
electric dams that would increase develop- 
ment pressure on the Amazon rainforest. 
“We need more energy, but Brazil's cur- 
rent strategy is really based on big infra- 
structure,” says Mercedes Bustamante, 
an ecologist at the University of Brasilia 
who spent two years at the science min- 
istry under Rousseff. “I think it’s time for 
a change.” 

Science policy has received little atten- 
tion in the presidential campaign, although 
Silva has called for federal and private 
investments in research and develop- 
ment to expand from 1.1% of Brazil’s gross 
domestic product to 2%. The government’s 
science spending has increased over the 
past decade, but researchers say that it has 
also been spread thin by new programmes. 

Even if she takes the helm, Silva will have 
to tackle shifting political winds in Brasilia. 
In 2012, the nation’s congress voted to 
weaken the country’s forest law, and some 
lawmakers are now pushing to scale back 
protected lands to allow mining and energy 
development. 

But Schwartzman warns against under- 
estimating Silva's political skills should she 
win. “She and the others who worked with 
Chico Mendes in Acre really came through 
a crucible,” he says. “In some ways, looking 
back on that experience, I’m not surprised 
that she is where she is now.” m 


468 | NATURE | VOL 513 | 25 SEPTEMB 


The Chinese Ac: 


eo 


O 7, 


demy of Sciences, which employs 60,000 people, opens its 2014 congress in Beijing. 


| POLICY | 
Chinese science gets 
mass transformation 


Teamwork at centre of Chinese Academy of Sciences reform. 


BY DAVID CYRANOSKI IN BEIJING 


( ‘hth is coming to the institute 
that has been at the heart of China’s 
scientific development since the com- 

munist state began. The Chinese Academy 
of Sciences (CAS) is making unprecedented 
structural reforms to foster collaboration and 
turbocharge research. Proponents say that the 
initiative will make China a world leader in 
areas from neuroscience to particle physics; 
detractors question whether modern China 
needs such a sprawling organization at all. 

The CAS, headquartered in Beijing, employs 
60,000 people, and has 104 research institutes 
and a budget of roughly 42 billion renminbi 
(US$6.8 billion). Just under half comes from 
the government, to cover overhead costs and 
salaries; the rest comes from competitive 
government grants. It is “the biggest reform 
in the academy’s history”, CAS president 
Chunli Bai told Nature’s news team in an inter- 
view on 22 September. 

The initiative — which was designed by 
Bai — follows an appeal by Chinese presi- 
dent Xi Jinping in July 2013 for the CAS to 
become a world leader in science. Although 
China's spending on science now outpaces 
that of all countries except the United States, 
many agree that the country is not getting 
a good return on its investment, in terms 
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of both basic-science breakthroughs and 
commercialization of those findings. 

Some underperformance might result from 
low salaries for scientists — including those at 
the CAS, says Bai — who scramble to supple- 
ment their incomes with multiple grants. “Their 
research becomes very fragmented,’ he said. 

Scientists also shy away from collaborations 
because co-authorship dilutes their achieve- 
ments in the eyes of grant committees. Ata con- 
ference in 2012, Bai discovered that researchers 
across 20 different CAS institutes were working 
on related projects, but often did not know each 
other — duplicating work and missing oppor- 
tunities to share knowledge. He also notes that 
they had little interest in discussing applications 
with industry representatives. 

To deal with these issues, Bai has grouped 
research into four categories, and promis- 
ing CAS scientists are being selected to work 
together under them. They will see their sala- 
ries jump, relying on grants for only 30% of 
their income, rather than for 70%. The idea is 
to encourage scientists to collaborate on fewer, 
large problems, rather than to churn out mar- 
ginal advances in disparate projects that can be 
used to seek multiple grants. “Teamwork is the 
key word,’ says Mu-Ming Poo, director of the 
CAS Institute of Neuroscience in Shanghai. 

The first category is devoted to establishing 
centres of excellence focused on basic science, 
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and will target areas in which China has a 
chance to dominate. One team, for which 
Poo has already selected 40 researchers 
from 11 different CAS institutes, specializes 
in brain science — one goal is to produce a 
transgenic monkey model that could be use- 
ful for neurodegenerative-disease research. 

Tandong Yao, director of the Institute of 
Tibetan Plateau Research in Beijing will head 
another centre focused on the seismically 
active plateau: his team wants to probe how 
the crust underneath deformed over time. 
Other centres will focus on particle physics, 
thorium-based molten-salt reactors, and 
quantum information. The plan is to take 
the count up to 20 centres by 2020. 

A second category will target areas with 
underdeveloped commercial potential, 
including microsatellites, marine informa- 
tion technology and drug development. A 
third category will establish collaborations 
around large-scale facilities: a synchrotron 
and a protein-science centre, for example, 
both in Shanghai, will be linked to make it 
easier to carry out high-precision protein 
studies and support academic and industry 
researchers, including some from abroad. 

The fourth category, still in its design 
phase, will be devoted to initiatives that 
assist local development and sustainabil- 
ity. Its first will probably focus on work 
by the Institute of Mountain Hazards and 
Environment in Chengdu, which could 
help communities to prepare for natural 
disasters such as landslides. 

But not everyone agrees that the changes 
tackle the key problems at the CAS. One 
Chinese university scientist, who is famil- 
iar with the reforms and did not want to 
be identified, says that the source of the 
problems is that the CAS hires too many 
young scientists who then go through little 
or no review, and essentially receive tenure 
without having to prove themselves. Bai 
counters that the opportunities offered by 
his initiatives will “encourage the under- 
performers to be better”. He says that he 
has steered away from a US-style system in 
which underperformers can be fired: “It is a 
reform with Chinese characteristics.” 

Cong Cao, a science-policy specialist at 
the University of Nottingham, UK, says that 
the CAS is too big and unwieldy. “There's 
no organization in the world with so many 
functions,” he says. He says that universi- 
ties and individual research institutes, 
which are increasingly competing with the 
CAS for leading scientists, can offer a bet- 
ter management environment for scientists. 
“There probably is no reason for the CAS in 
China right now.’ 

But Bai uses the same trait to justify the 
academy's existence: he argues that it allows 
the CAS to make wide contributions to 
China's development. “You have to under- 
stand the history,’ he says. m 


INFECTIOUS DISEASE 


Global Ebola response 
kicks into gear at last 


US and UN mobilizations are welcome but overdue. 


BY DECLAN BUTLER 


" | ve international community is 
responding to the Ebola outbreak — at 
long last. On 18 September, the United 

Nations Security Council adopted a resolu- 

tion declaring the outbreak a “threat to inter- 

national peace and security”; two days before, 

the United States had said that it will send 3,000 

military personnel to West Africa and spend 

US$750 million to support civilian efforts. Both 

moves are unprecedented for a disease outbreak 

and just what is needed, say experts. But there 
are fears that quelling the outbreak now will be 
more difficult than if it had been tackled earlier. 

The Ebola outbreak was first detected in 
March, but only the humanitarian group 
Médecins Sans Frontiéres (MSF, or Doctors 
Without Borders) has so far deployed substan- 
tial relief in the affected region, which centres 
on Liberia, Sierra Leone and Guinea (for more, 
see nature.com/ebola). MSF has repeatedly 
demanded that the international community 
launch a major effort to tackle the outbreak. 

The UN resolution calls on member states to 
respond urgently. As it was passed, UN secre- 
tary-general Ban Ki-moon launched the United 
Nations Mission for Ebola Emergency Response 
to deploy resources from UN agencies in coor- 
dination with efforts from member nations and 
donors. The mission’s remit includes “stopping 
the outbreak, treating the infected, ensuring 
essential services, preserving stability and pre- 
venting further outbreaks,” said Ban. 

The United States plans to establish mili- 
tary-run command and control headquarters 
in Liberia and build 17 treatment centres of 
100 beds each in the affected region. It hopes 
to recruit medical staff to run them, and train 
up to 500 health-care workers a week. 

The public-health community tends to 
view military involvement “with suspicion 
and mistrust’, says Adam Kamradt-Scott, a 
health-policy researcher at the University of 
Sydney in Australia. But he welcomes the US 
plan: “Military forces have unique skill sets that 
can assist civilian authorities.” If the operation 
does help to counter Ebola, he adds, it could 
set a new precedent for responding to disease 
outbreaks of international concern. 

Training forces in outbreak response will 
take time, warns Daniel Bausch, who stud- 
ies infectious diseases at Tulane University in 
New Orleans, Louisiana, and is caring for peo- 
ple with Ebola in Sierra Leone. He adds that 


the situation is too dire for the United States 
alone to solve, and that other nations must step 
in, something that the UN resolution should 
catalyse. It was passed by unanimous vote and 
had a high number of member-state sponsors. 
Jean-Clément Cabrol, director of operations 
for MSF in Geneva, Switzerland, says that both 
efforts are welcome, but that the situation has 
worsened in the past few weeks, so speed is 
key. Treatment centres in the three countries 
most affected are completely overwhelmed 
(see page 474). This is 


“Military fuelling the spread of the 
forces have disease, because centres 
unique skill are forced to send away 
sets that can infected people, who 
assist civilian — thencontaminate others. 
authorities.” Conventional public- 


health measures are no 
longer working, says Bausch. It has become 
next to impossible to detect and isolate those 
infected, and to monitor all the people they have 
been in contact with. He recommends focusing 
surveillance on areas next to affected zones to 
prevent further geographical spread of Ebola. 
He adds that international efforts will be effec- 
tive only if they include training for health-care 
staff, for example in biosafety. Money and sup- 
plies are welcome, but by themselves, they are 
not enough. m SEE EDITORIAL P.459 


> MORE ONLINE 


@ Population boom to last all century 
go.nature.com/xnsblj 

@ Male astronomers get bigger share of 
Hubble go.nature.com/v9e807 


IMAGE OF THE WEEK 


This map measures dust in the southern 
Galactic hemisphere. It suggests that 

q a signal of 
gravitational 
waves from 

the Big Bang 
previously 
observed in the 
= black rectangle 
could have been spurious. 
go.nature.com/ifalmw 
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Perovskite solar cells, currently postage-stamp sized, must be scaled up to be practically viable. 


SOLAR POWER 


Cheap solar cells 
tempt businesses 


Easy-to-make perovskite films rival silicon for efficiency. 


BY RICHARD VAN NOORDEN 


lga Malinkiewicz, a PhD student stud- 
() ying photovoltaics at the University of 

Valencia in Spain, first heard about 
perovskites, the latest hope for low-cost solar 
power, in April last year. Unlike the slabs of 
purified silicon at the heart of the solar cells 
that currently dominate the market, perov- 
skites form thin films that are easily made 
in the lab by mixing together cheap salts. “I 
couldn't believe it was so simple,” says Malink- 
iewicz, who immediately tried it herself. 

A year later, she won a European student 
innovation prize, for coating flexible foil with 
perovskites. “After that, my telephone didn't 
stop ringing,” she says. “Investors were asking 
me all the time if I was going to start a com- 
pany.’ By May 2014, the excited 31-year-old 
had decided to do just that. In the past three 
months, she has moved from Spain to her 
native Poland, rented laboratory space in 
Wroclaw, founded the privately backed com- 
pany Saule Technologies, and rebuffed an offer 
of €1 million (US$1.3 million) for 10% of the 
fledgling firm — although she is yet to com- 
plete her PhD. 

Malinkiewicz’s bold venture epitomizes how 
fast perovskites have zipped from academic 
curiosity to the brink of commercialization. In 
three years, competing research groups have 
tripled the cells’ efficiency, achieving what took 
decades to accomplish for other solar materials. 


Large, commercial silicon modules convert 
17-25% of solar radiation into electricity, and 
much smaller perovskite cells have already 
reached a widely reproduced rate of 16-18% 
in the lab — occasionally spiking higher. They 
are expected to top 20% in a few months, says 
Sang II Seok at the Korea Research Institute of 
Chemical Technology in Daejeon, whose lab 
holds the current record of 17.9%. “The results 
so far are truly spectacular,’ says David Ginley, 
a researcher at the US National Renewable 
Energy Laboratory in Golden, Colorado. 

The combination of low cost and efficiency 
means that perovskite cells could, in theory, 
make solar power — which currently pro- 
vides less than 1% of 
the world’s electricity 
— cheaper to generate 
than fossil-fuel energy, 
according to Henry 
Snaith, a physicist at the University of Oxford, 
UK (see Nature 504, 357-365; 2013). Atacon- 
ference he convened in Oxford on 11-12 Sep- 
tember, perovskite researchers discussed the 
remaining barriers to the technology's com- 
mercial success. 

The cells, composed of perovskite film sand- 
wiched between conducting layers, are still 
about the size of postage stamps. To be practical, 
they must be scaled up, which causes efficiency 
to drop. Seok says that he has achieved 12% 
efficiency with 10 small cells wired together. 

Doubts remain over whether the materials 


“Tcouldn’t 
believe it was 
so simple.” 
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can survive for years when exposed to 
conditions outside the lab, such as humidity, 
temperature fluctuations and ultraviolet light. 
Researchers have also reported that ions inside 
some perovskite structures might shift posi- 
tions in response to cycles of light and dark, 
potentially degrading performance. 

Oxford Photovoltaics (Oxford PV), a com- 
pany that Snaith co-founded, says that its 
unpublished tests show that the cells can meet 
industry stability standards if encapsulated in 
glass, as silicon panels are. By 2017, the com- 
pany’s commercial partners aim to be using 
perovskites trapped in glass to produce trans- 
parent cells that could hug the exteriors of 
buildings. And on 16 September, Snaith and 
his colleagues published another way to pro- 
tect a perovskite cell from heat and moisture, 
by replacing one of its layers with carbon nano- 
tubes embedded in insulating plastic (S. N. 
Habisreutinger et al. Nano Lett. http://dx.doi. 
org/10.1021/n1501982b; 2014). 

The need for this engineering might create 
another setback, says Arthur Nozik, a chemist 
at the University of Colorado Boulder. After 
plummeting in past years, the price of crystal- 
line silicon modules — which make up 90% 
of the solar-cell market — has levelled off but 
is expected to keep falling slowly. As a result, 
most of the cost of today’s photovoltaic systems 
is not in the material itself, but in the protec- 
tive glass and wiring, racking, cabling and 
engineering work. 

When all these costs are factored in, perov- 
skites might save money only if they can over- 
take silicon in efficiency. In the short term, firms 
are focusing on depositing the films on silicon 
wafers, with the perovskites tuned to capture 
wavelengths of light that silicon does not. On 
10 September, Oxford PV announced that it was 
working with companies to make prototypes of 
these ‘tandem’ cells by 2015, and that this could 
boost silicon solar cells’ efficiencies by one-fifth, 
so that they approach 30%. Malinkiewicz’s hope 
is to find a niche that silicon cannot fill: ultra- 
cheap, flexible solar cells that might not last for 
years, but could be rolled out on roof tiles, or 
used as a portable back-up power source. 

There is another potential snag: perovskites 
contain a small amount of toxic lead, in a form 
that would be soluble in any water leaching 
through the cells’ protection. Although Snaith 
and others have made films with tin instead, the 
efficiency of these cells is only just above 6%. 

Researchers say that many major electronics 
and chemicals firms are studying perovskites. 
Japan’s space agency JAXA is also testing them 
for their potential to power satellites. But as 
Malinkiewicz has found, perovskites’ low- 
cost, simple recipe means that anyone has a 
shot at commercializing them. “It is not just 
in the hands of the big chemical companies, 
or the silicon companies,’ says Mohammad 
Khaja Nazeeruddin, a chemist the Swiss Fed- 
eral Institute of Technology in Lausanne. “It is 
everybody's technology.” m 
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US vows to combat 
antibiotic resistance 


Strategy lauded, but some fear itis lax on agricultural use. 


BY SARA REARDON 


push by the US government to stop 
A* rise of antibiotic resistance has 

drawn broad praise from advocates 
who have long warned about this public- 
health threat. Some, however, are 
concerned that the plan might 
not do enough to curb the use 
of these drugs in livestock. 

Released by the White 
House on 18 September with 
an accompanying report by 
a presidential science advi- 
sory panel, the executive order 
instructs leaders of several 
US agencies to develop a five- 
year plan to limit the spread of 
resistance, using strategies such 
as developing new antibiotics 
and finding better ways to diagnose antibiotic- 
resistant infections quickly. It received the nod 
of approval from many experts. 

“T find this report surprisingly detailed and 
surprisingly on target,’ says Stuart Levy, a phy- 
sician and microbiologist at Tufts University 
in Boston, Massachusetts, who has long cam- 
paigned for prudent antibiotic use. It hits all 
the most important topics, he says: increased 
surveillance, better diagnostics, development 
of new drugs and more judicious use of exist- 
ing antimicrobials — measures also outlined 
by the World Health Organization in April. 

The use of antibiotics in animal husbandry 
is addressed in the White House strategy 
and in the report by the President’s Coun- 
cil of Advisors on Science and Technology 
(PCAST). The report calls for collection of 
more data on the use of antibiotics on farms, 
and monitoring of whether policies to curb 
antibiotics affect the spread of resistance. But 
some advocates for careful antibiotic use feel 
that the plan will not do enough to stop the 
threat quickly. “They haven't proposed any- 
thing new,’ says Steven Roach of Carbondale, 
Illinois, who is an analyst for Keep Antibiotics 
Working, a coalition of advocacy groups that 
campaigns against antibiotic overuse. “The 
things they’re saying people should do are 
endorsing the status quo.” 

Farmers sometimes give antibiotics to 
healthy livestock to prevent infection and boost 
growth, a controversial practice that is banned 
in some countries because it is thought to 


Staphylococcal bacteria 
(blue) on a red blood cell. 


contribute to the development of resistant 
bacteria. In December, the US Food and Drug 
Administration (FDA) issued voluntary guid- 
ance asking pharmaceutical firms to change 
labelling so that drugs cannot be marketed to 
fatten up farm animals, and requiring a 
veterinary surgeon to prescribe the 
drugs. According to the PCAST 
report, all 26 major manufac- 
turers of antibiotics used in US 
farm animals have adopted 
these rules. 

Two bills pending in the 
House of Representatives 
and the Senate would entirely 

ban farm-animal use of anti- 
biotics that are also given to 
humans. But justifying more- 
stringent limits is hampered by 
a poor understanding of the link 
between agricultural antibiotic use and resist- 
ance in bacteria that infect humans. 

“If I could wave my hand and ban it, I'd say 
let’s do it,” says Henry Chambers, an infec- 
tious-disease physician at the University of 
California, San Francisco. “But it’s a very com- 
plicated area” 

The PCAST report suggests that the FDA 
should continue to track whether the existing 
voluntary measures decrease agricultural anti- 
biotic use, and investigate the extent to which 
giving the drugs to healthy animals contrib- 
utes to resistance in human pathogens. 

“It will be difficult to rigorously attrib- 
ute changes in human antibiotic resistance 
patterns to changes in agricultural use — at 
least until much better surveillance systems 
are in place and until the flow of antibiotic 
resistance between reservoirs is much better 
understood,’ the PCAST report says. 

PCAST’s analysis, which is intended to 
guide the US agencies in their five-year plan, 
suggests spending US$900 million per year 
on national monitoring systems — double the 
current level — and developing infrastructure 
to speed clinical trials of new antibiotics. The 
report also recommends spending $150 mil- 
lion per year for 7 years on basic research 
into the spread of resistance and alternative 
strategies for growth promotion in livestock. 
To kick off the initiative, the White House 
announced a $20-million prize for the first 
team to develop a rapid diagnostic tool for 
antibiotic-resistant infections. m 
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Medical records can provide information about harmful side effects that is not available elsewhere. 


MEDICAL RESEARCH 


Drug-safety pilot 
makes the grade 


FDA will continue to monitor safety from health records. 


BY HEIDI LEDFORD 


tool that allows US regulators to assess 
A safety from the health records of 

more than 175 million people is set to 
become an integral part of the nation’s drug- 
safety surveillance. 

On 1 October, a US$116-million pilot that 
the US Food and Drug Administration (FDA) 
has been running since 2009 will become a fully 
fledged initiative to mine the electronic medical 
data held by insurers and health-care provid- 
ers for signs that a medicine has harmful side 
effects. Investigators will also begin to explore 
ways to use this growing pool of information 
for research on other issues. 

But the project, known as Mini-Sentinel, has 
faced challenges over who should be allowed 
to analyse the data and publicize the results. It 
creates a valuable resource, says epidemiologist 
Bruce Psaty of the University of Washington in 
Seattle, but the FDA will need to decide how to 
weigh up the new data against other types of 
information. “These are difficult scientific ques- 
tions,” he says. 

The FDA currently monitors drug safety 
mainly through clinical trials and volun- 
tary reporting of possible side effects. Both 
approaches have limitations. Although the 
gold standard, data from randomized clinical 
trials are expensive to obtain and do not always 


reflect the conditions under which the drug will 
be used in daily practice. And voluntary reports 
might alert the FDA to possible side effects, but 
they cannot reveal how common the reactions 
are or provide any firm evidence linking them 
to the drug. 

In 2007, the US Congress became concerned 
that some approved drugs might be increas- 
ing the risk of heart attacks and strokes, and 
ordered the FDA to add electronic medical 
data to its drug-safety monitoring arsenal. The 
result was Mini-Sentinel: a ‘dispersed data’ sys- 
tem involving 18 large health-care organiza- 
tions. Each organization analyses its own data 
and reports the results to a team at the Harvard 
Pilgrim Health Care Institute in Boston, Mas- 
sachusetts. The Pilgrim team then combines the 
analyses and sends the pooled result to the FDA. 
The process is meant to ensure the privacy of 
patients and to prevent outside researchers from 
drawing their own conclusions from their data. 
“Tt’s really an impressive system,” says Joshua 
Gagne, an epidemiologist who works on the 
project at Brigham and Women’s Hospital in 
Boston. “It's going to change the way in which 
FDA looks at drug safety.” 

But there are some trade-offs, he adds. Pooled 
analyses have less statistical power than would 
be possible if all of the patients were combined 
into a single massive population. They also 
require sophisticated methods to allow the 
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integration of analyses from different groups. 

Mini-Sentinel’s protocols are likely to serve as 
models for other projects, such as a $93.5-mil- 
lion database network that is being developed in 
Washington DC to compare the effectiveness of 
different treatments using medical records. (see 
Nature 512, 18; 2014). 


DECIDING FACTORS 

Scientists are still wrestling with when, and how, 
to apply the data that Mini-Sentinel unearths 
to actual drug-safety decisions. The FDA has 
so far issued five drug-safety updates that were 
based on Mini-Sentinel analyses. In one case, it 
used the system to investigate an unusually high 
number of reports of serious bleeding associ- 
ated with the anti-clotting drug Pradaxa (dabi- 
gatran) after the drug was approved in 2010. 
Mini-Sentinel’s conclusion was that the drug, 
made by the German drug company Boehringer 
Ingelheim, was no more likely to cause bleeding 
than warfarin, a medicine that has been used 
for decades. 

The FDA announced its finding in an official 
communication to physicians and consumers, 
but acknowledged separately that the analysis 
was preliminary and had not considered poten- 
tial confounding factors, such as the tendency of 
doctors to prescribe the newer drug to younger, 
and thus presumably healthier, patients. The 
analysis was done before Mini-Sentinel had the 
tools to support a more sophisticated study, says 
Mini-Sentinel principal investigator Richard 
Platt. Those tools are now in place, and the FDA 
is analysing the data more thoroughly. 

Some, however, are not convinced that the 
tool adds any insight. Cardiologist [lke Sipahi of 
Acibadem University Medical School in Istan- 
bul, Turkey, for instance, says that his analysis 
of all available clinical-trial data comparing 
the two drugs showed a higher risk of bleeding 
from Pradaxa than from warfarin — a direct 
contradiction to the Mini-Sentinel analysis. He 
does not believe that Mini-Sentinel needed to 
be brought in because the answer was already 
available in the higher-quality clinical-trial data 
(I. Sipahi, S. Celik & N. Tozun JAMA Intern. 
Med. 174, 150-151; 2014). 

And David Madigan of Columbia University 
in New York has different concerns. He faults 
the FDA for issuing an official communication 
on the Pradaxa results to physicians and con- 
sumers — in effect, he says, sending a prema- 
ture all-clear signal. “I have no idea whether that 
drug is dangerous or not,” he says. “But I sure 
as hell know that particular analysis didn't shed 
any light on the question.” = 


CLARIFICATION 

The graphic in the News Feature ‘The 
fusion upstarts’ (Nature 511, 398-400; 
2014) omitted to note that the deuterium- 
deuterium reaction has a 50% chance of 
producing tritium and a proton. 
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EBULAS LOST WARD 


A hospital in Sierra Leone has struggled to continue 
its research amid the worst Ebola outbreak in history. 


BY ERIKA CHECK HAYDEN 


obert Garry had a bad feeling about the tin roof 
teetering above his head. It was June, and he and a 
colleague, Sheik Humarr Khan, were surveying a 
makeshift shelter that was to serve as a temporary 
Ebola ward for Kenema Government Hospital in 
Sierra Leone. They could see that the only thing 
holding the metal sheets to a 5-metre-tall wooden frame was a hand- 
ful of thin, twisted wires. 

Halfan hour later, at a meeting in the main hospital building, the men 
were interrupted by a tremendous crash. As the sound reverberated 
through the hospital grounds, Garry and Khan rushed back outside to 
see what had seemed inevitable: the precarious 


structure had collapsed. > NATURE.COM 
It was an omen of things to come. Inlessthan _ For a video about 

a month, the hospital’s operations would topple — some of the people 

under the weight of the worst Ebola outbreak _ involved, see: 


in history. The wards were overwhelmed with _ go.nature.com/kalnp6 
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patients and Khan, an infectious-disease 
physician at Kenema, and many of his staff 
were among those fighting for their lives. 

The epidemic has killed more than 2,600 
people since it began in December 2013, and 
it could infect tens of thousands more by the 
end of this year, according to the World Health 
Organization (WHO). Three countries — Guinea, Liberia and Sierra 
Leone — have been the epicentre, struggling with weak health systems 
and a wholly inadequate global aid response, even after the WHO 
declared the epidemic an international public-health emergency in 
early August (see Nature http://doi.org/vsc; 2014). 

Khan and his team came to the fight against Ebola armed with 
experience battling another virus: Lassa, which like Ebola causes a 
life-threatening illness that sometimes results in haemorrhagic fever. 
But Lassa has much more predictable annual infection cycles. Along 
with Garry, a virologist at Tulane University in New Orleans, Louisiana, 


One of the general 
wards at Kenema 
Government Hospital 
was abandoned by staff 
and patients owing to 
fears over Ebola. 
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EBOLA’S EPICENTRE 
Since Guinea saw the first GUINEA- WEST AFRICA 
confirmed case of Ebola in March, BISSAU SENEGAL 


the number of people who have 
become infected has climbed 
steadily. Kenema Government 
Hospital identified Sierra Leone’s 
first case in May. 
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and an international team of scientists, Khan had spent the better part 
of a decade building a Lassa treatment and research programme at 
Kenema, including a dedicated ward and a modern diagnostic labo- 
ratory. The ward they were adding was the next step in their arsenal 
against the disease. 

But before it could be completed, the Lassa lab diagnosed Sierra 
Leone's first case of Ebola. Hundreds more followed. And a medical 
facility that had been set up to study one disease suddenly found itself 
overwhelmed by another. 

Researchers worked hard to study the disease that was filling the 
wards — to trace its path into and through the 
country. But the outbreak consumed the hos- 
pital, and research was put on hold. It became 
clear that even if science could inform the out- 
break response, the much more pressing need 
was for health resources and humanitarian aid. 

“There’s a question of research’s role here; 
says Pardis Sabeti, a computational geneticist 
at the Broad Institute in Cambridge, Massa- 
chusetts, who has worked with the Kenema 
team since 2008. Too frustrated to stand on the 
sidelines, she and other US researchers called 
for more aid to be sent to Kenema, but found the response painfully 
slow. “Our friends needed support and every international organization 
we turned to was stretched too thin” 


A SHINING EXAMPLE 

Khan knew the risks of working on haemorrhagic fevers: he became 
the lead Lassa doctor at Kenema after his predecessor died of the 
disease. Lassa infects 300,000 to 500,000 people a year and kills between 
5,000 and 20,000 of those. 

The hospital in Kenema had been treating patients in its Lassa ward 
for decades, even struggling through a bloody civil war that lasted from 
1991 to 2002. Its expertise made it an ideal nucleus for a group called 
the Viral Hemorrhagic Fever Consortium, which started in 2010 and 
included scientists from Kenema, Tulane and other partners in West 
Africa and the United States. 

One of the main obstacles that doctors faced was diagnosing diseases 
quickly enough to treat them; after the war, no lab in Africa had the 
technology to detect Lassa in a patient’s blood. So in 2005, Kenema 


“Our friends needed 
support and every 
international 
organization we 
turned to was 
stretched too thin.” 


built a lab and developed a diagnostic test. Sabeti, one of the founding 
members, began to sequence samples to understand how the disease 
spread through West Africa. 

In May, Sabeti, Khan and Garry met in Nigeria to celebrate an 
enormous step forward for their work. In October, the World Bank and 
the US National Institutes of Health had funded a Centre for Genom- 
ics of Infectious Disease led by a collaborator in Ogun State, Nigeria, 
and the institute was hosting its inaugural meeting. The centre would 
use genetic technologies to study microbes in West Africa; it would 
soon acquire the first high-throughput sequencer in the region, mean- 
ing that Kenema would no longer have to send 
samples of Lassa and other viruses overseas 
for in-depth sequencing. The partnership was 
becoming a shining example of scientific col- 
laboration on the continent, building infra- 
structure and experience from within rather 
than importing it all from abroad. 

Everyone was buoyed by the news, and by the 
progress in Sierra Leone, where, witha grant 
from the US Navy, Kenema was building its 
new Lassa ward. The ward would have 48 beds 
— almost double the capacity of the current 
ward. It would have air conditioning to help nurses and doctors, who 
often had to wear stifling protective gear in oppressive equatorial heat. 
And it would be safer, with features such as a tiled floor and a drainage 
system, so that a worker could clean it out just by hosing it down. People 
with haemorrhagic fevers shed the virus in their blood, vomit, diarrhoea, 
sweat and tears. In the old Lassa ward, with its concrete floors, staffrisked 
infection every time they slogged through the waste with a broom. 

But the team knew that trouble was coming. When Guinea, to the 
north, notified the WHO about its Ebola cases in March (see ‘Ebola’s 
epicentre’), Garry predicted that Kenema would be next. He and Sabeti 
shipped trunks of protective gear to Kenema. Researchers from Sabeti’s 
lab travelled there with the genetic probes needed to diagnose Ebola. 

In May, the first cases arrived. A woman turned up with a fever, and 
was bleeding heavily after a miscarriage. She and 13 others had become 
infected at the funeral of a traditional healer who had been treating Ebola 
victims in neighbouring Guinea. On 25 May, Augustine Goba, head of 
the Lassa diagnostic lab, confirmed that these people had brought the 
virus into Sierra Leone. They were admitted to Kenema’s Lassa ward. 
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Pardis Sabeti (centre) worked with nurses at Kenema Government Hospital to study Lassa virus, but switched to studying Ebola once the outbreak began. 


Garry flew in right away to help make sure that the Kenema staff were 
prepared. They needed to swap out their usual gowns and masks for 
Tyvek ‘bunny’ suits that cover the whole body in a waterproof barrier. 
Garry also made sure that the technicians were collecting, decontaminat- 
ing and packing blood samples from patients after they had been used in 
diagnosis, so that Sabeti could sequence the DNA at the Broad Institute. 

At first, the patients arrived slowly — too slowly. In early June, workers 
tracing the contacts of infected individuals could see that there were 
many more people who were potentially infected than there were in the 
hospital. But Ebola had never before come to West Africa, and people 
were spreading the disease without knowing it, 
simply by caring for the sick and burying the 
dead. Whole villages would be wiped out. 

Khan suspected that Kenema would soon 
see a wave of cases, so he ordered the con- 
struction of the new, temporary ward. (After 
the first structure collapsed, workers rebuilt it 
with a shorter, sturdier roof). His prediction 
was right: by the end of June, the old Lassa 
ward was overwhelmed and suspect cases were 
being admitted to the temporary one. Patients 
began to flood in from all over eastern Sierra 
Leone. Everyone was sending patients to Kenema Government Hospi- 
tal; there was nowhere else to go. 

Supplies and staff were thin on the ground: Médecins Sans Frontiéres 
(MSF) and other aid groups were already stretched beyond capacity 
treating patients in Guinea and Liberia. The WHO had sent some staff 
to Kenema in June, but supplies were dwindling, and Khan was often 
the only doctor in charge of treating 80 people. He felt alone and afraid 
for his life. But he continued to care for his patients as best he could. “If 
I refuse to treat them, who would treat me?” he told his sister. 


ADEADLY CHAIN OF EVENTS 

Back in Cambridge, Sabeti was analysing data from the samples that 
Garry had shipped out of Kenema. Her group now had 99 Ebola 
virus samples from the first 78 patients in the country’s outbreak. The 
researchers were performing in-depth genetic sequencing to track the 
way the virus mutated as it passed from person to person. No one had 
ever gathered these kinds of data on an outbreak while it was unfolding. 
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“A lot of these 
people spent a 
good part of their 
childhoods hiding 
out in the bush from 
the rebels.” 


Important information was already emerging — for instance, that 
the whole outbreak could be traced to a single event in which an ani- 
mal, probably a bat, transmitted the virus to a human. They also saw 
that the virus had accumulated hundreds of mutations since separat- 
ing from an ancestral Ebola virus in Central Africa a decade ago (see 
Nature http://doi.org/vsd; 2014). 

It is the sort of work that could eventually change the way in which 
outbreaks are fought, says Anthony Fauci, head of the US National Insti- 
tute of Allergy and Infectious Diseases (NIAID) in Bethesda, Mary- 
land, which funded the work. “We would normally come out with an 
analysis like this two years after an outbreak 
is over,’ he says. “To be able to do this is just 
extraordinary.” 

Sabeti’s team released its data as quickly as 
it could, by 31 July. Among the first users were 
researchers who had been developing experi- 
mental drugs and vaccines for Ebola. These 
include the antibody cocktail ZMapp, which 
has since been given to seven individuals, not 
all of whom have survived, and a NIAID vac- 
cine that entered human trials in early Septem- 
ber. None of the mutations seen in the virus 
so far would render these products less effective, although some affect 
regions of the virus that are targeted by current diagnostic tests. 

Sabeti was in close contact with Khan throughout, and knew that 
the situation in Kenema was deteriorating fast. “He was concerned, 
and he was sort of still by himself, and not really getting the support he 
needed,’ Sabeti says. 

In late June, a feverish local chief was admitted to a private ward in 
Kenema that lacked the infection-control measures used in the Lassa 
ward. That started a deadly chain reaction: he infected five staff mem- 
bers, including a pregnant nurse. A midwife, Mbalu Fonnie, who was 
also the chief Lassa nurse, worked with three others to deliver the nurse's 
stillborn baby. She and the other nurses were all infected, almost cer- 
tainly during the delivery. They all died. 

Fonnie’s death on 21 July and the deaths of other senior nurses 
snapped a thread that had kept the hospital together. ‘Aunty Mbalw’ 
had been treating Lassa at Kenema for 25 years — throughout the civil 
war — and had survived a Lassa infection herself. Now she was gone. 
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The next day, while in a lab meeting, Sabeti glanced at her e-mail and 
saw that there was a message about Khan. She opened it immediately: 
Khan had Ebola. “I just broke down and started bawling,” she says. 

Sabeti felt helpless. She wanted to do something — anything. So she 
wrote a white paper urging US officials to commit more supplies and 
money to fighting the outbreak, and sent it to Broad Institute director 
Eric Lander and other members of a board of science advisers to the 
US president. She and Garry had already travelled to Washington DC 
to ask health officials and Congress to send more aid; Garry had asked 
officials to send experimental vaccines and medicines. 

Now they urged doctors from MSF and the WHO to treat Khan with 
ZMapp. But the doctors feared that if something went wrong, it would 
undermine the already-fragile public trust in them, so they decided 
not to do it. 

With Khan now very ill, the Kenema hospital was on the verge of col- 
lapse. There were too many patients and too few staff to treat them, and 
supplies were dwindling. Fearing for their lives and feeling ill-equipped 
to do their jobs, the remaining nurses and lab technicians went on strike. 
The hospital as a whole had virtually shut down, except for its Ebola work. 

Tulane physician Daniel Bausch was working in the Ebola ward around 
that time. One day, he went into the ward with a WHO worker. “There 
were 50 patients and no nurses or other health workers in there. My first 
reaction was, we just need to close this centre. We cant say this offers any 
care.’ Still, they soldiered on, knowing full well that Kenema was a place 
of last resort for patients, who would only spread the disease if released. 

Meanwhile, hearing rumours that Ebola was a hoax or a conspiracy, 
people from the surrounding city attacked the hospital, throwing rocks 
at the building. Police used tear gas to drive the rioters away. 

On 29 July, Sabeti received a second e-mail from an epidemiologist in 
Sierra Leone. The message simply read: “Dr. Khan is gone.” 


LASSA LOOMING 
The period after Khan’s death was the nadir of the outbreak in Kenema. 
The loss of its leader and of so many others was devastating. “It com- 
pletely demoralized the community. It has completely torn them apart; 
says Joseph Fair, a virologist who has been working in Sierra Leone since 
2004 and advised the country on its response to the current outbreak. 
Sabeti and her team were also shocked. “We loved that man,’ Sabeti says. 
By the time the paper on the sequencing of the first 78 cases was 


Mbalu Fonnie (left), Veronica Koroma and Sheik Humarr Khan all contracted Ebola while working to treat patients at Kenema General Hospital. 


FEATURE 


\ ~\ 
\» “ ‘ 
| \ is 
% q . $ ; 
\ 
. | 
a 


published (S. K. Gire et al. Science 345, 1369-1372; 2014), on 28 August, 
six of its authors, including Khan and Fonnie, had died. 

But by then, help had started to arrive. Workers from the WHO and 
MSF began to restock supplies of protective equipment. The International 
Committee of the Red Cross began building a treatment centre just out- 
side Kenema. Kenema is still treating roughly 50 Ebola patients, but it is 
trying to wind down that work and reopen its general wards. 

But with all the attention now on Ebola, physicians who work in Ken- 
ema are concerned about Lassa. The peak Lassa season, November to 
April (J. G. Shaffer et al. PLoS Negl. Trop. Dis. 8, 2748; 2014), is approach- 
ing, and of the hospital’s original 36 specialized Lassa staff, 11 have now 
been infected and 6 have died. Surveillance staff, doctors, nurses, drivers, 
cleaners and lab technicians have all lost their lives to Ebola. New trainees 
and the remaining staff — including Ebola survivors — are stepping up to 
treat the cases that do arrive. But the hospital is seeing fewer Lassa patients 
than it would have expected for this time of year. “We think the patients 
are reluctant to come in,’ says Garry. “That's not good.” 

Garry still hopes to make Kenemaa centre of excellence for Lassa 
research by training African staff to carry out clinical trials on the best 
ways to track, diagnose and treat the disease. And the haemorrhagic- 
fever consortium plans to name the new ward after Khan when it is 
finally completed. The goal is to outfit it with a high-throughput genetic 
sequencer so that researchers there can study the circulating viruses all 
the time, and perhaps detect the next outbreak, of Ebola or otherwise, 
before it grows out of control. Garry has faith in Kenema’s survivors. “A 
lot of these people spent a good part of their childhoods hiding out in 
the bush from the rebels,’ Garry says, thinking back to the days of civil 
war. “Youre talking about a very resilient group of individuals.” 

Sabeti, Garry and their colleagues are now preparing for the next step in 
their research: sequencing samples from every Ebola patient seen at Ken- 
ema since 18 June. They hope that the data will reveal whether the virus 
is continuing to mutate at the same rate and in the same genetic regions 
as before, and whether the mutations seen in the current outbreak made 
different circulating viruses more or less able to transmit between people 
and cause death. The data will also tell a more personal story, revealing 
the precise path taken by the virus as it infected Khan, Aunty Mbalu and 
so many of their colleagues. They, too, are represented in the samples. m 


Erika Check Hayden is a reporter for Nature in San Francisco, California. 
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Wind power 
tests the waters 


The United States has plenty of strong winds offshore, 
but it has struggled to harness them for energy. 


BY GENE RUSSO 


he town of Castine, Maine, feels like a 

place bypassed by time. First settled in 

the early seventeenth century, its streets 

are lined with buildings hundreds of 

years old. Boats bob in its small harbour and a 

white lighthouse, constructed of rough-hewn 
stone, stands guard from a high hill. 

But just half a kilometre offshore, a harbin- 

ger of the future pokes out of the grey mist. A 
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canary-yellow wind turbine rocks in the waves, 
its thin blades slowly rotating. Installed in June 
last year, the 20-metre-tall structure is an experi- 
mental floating design just one-eighth in scale. It 
provides a maximum of 20 kilowatts of electricity, 
barely enough to power half a dozen US homes. 
But the structure, called VolturnUS, stands out 
because it is the only offshore wind turbine in 
US waters. 


ROBERT F. BUKATY/AP/PRESS ASSOCIATION 


Other countries, 
such as Belgium, the 
United Kingdom, 
Denmark and Ger- 
many, have built mas- 
sive turbine farms off 
their coastlines in the past few decades. In the 
United States, however, efforts to tap the power 
of coastal winds have gone nowhere because 
of environmental concerns, bureaucratic tan- 
gles and political opposition. That may soon 
change. Ecological studies indicate that carefully 
planned wind farms should not significantly 
harm birds or marine mammals. And business 
and politicians are increasingly interested in 
exploring and investing in offshore wind power. 

This May, the US Department of Energy 
awarded money to three demonstration pro- 
jects, planned for the coasts of New Jersey, Ore- 
gon and Virginia. Several state governments 
are forging ahead with their own ambitions for 
offshore wind farms, and commercial develop- 
ers say that they could start planting turbines 
in the ocean as early as next year. 

In theory, the potential is tremendous. 
Including harder-to-reach deep-water sites, 
the offshore territory of the United States 
has the capacity to generate an estimated 
4,200 gigawatts of electricity, enough to sup- 
ply four times the nation’s current needs. But 
before the field can take off, proponents will 
have to prove that offshore wind can compete 
financially against other energy sources, and 
can clear the thicket of state and federal regu- 
lations that govern projects in coastal waters. 

“I dont think we're looking at easy street 
here,” says Walt Musial, a long-time offshore- 
wind researcher at the National Renewable 
Energy Laboratory in Louisville, Colorado. “We 
really need to demonstrate that it can be done” 


A floating turbine in 
Castine, Maine, is the 
only existing offshore 
wind facility in the 
United States. 


SEA TEST 

No project encapsulates the challenges facing 
offshore wind power better than Cape Wind, 
being developed by Energy Management of 
Boston, Massachusetts. The venture aims to 
take advantage of the strong winds and rela- 
tively calm waters of Nantucket Sound near 
Cape Cod, Massachusetts, some 350 kilome- 
tres southwest of Castine. 

The plan for Cape Wind consists of 130 tur- 
bines, each standing nearly 80 metres tall, over 
an area of 65 square kilometres. Energy Man- 
agement says that the completed wind farm 
will have a capacity of 468 megawatts, able to 
produce 75% of the electricity for Cape Cod 
and the nearby islands of Martha’s Vineyard 
and Nantucket. 

But the project has faced strong opposition 
for more than a decade. Organizations includ- 
ing the non-profit group Save Our Sound have 
brought dozens of lawsuits against Cape Wind, 
claiming that the project would harm birds and 
other wildlife, increase electricity rates for 
consumers and endanger aeroplanes flying 
into local airspace. Except for one temporary 


decision, all of the judicial rulings have been 
in favour of Cape Wind. Spokesperson Mark 
Rodgers says that even with court appeals 
coming, the project intends to commence con- 
struction by spring 2015. “There are no merits 
to any of these legal complaints,” he says. 

Cape Wind has already broken new ground 
by being the first US offshore wind project to 
complete a major environmental assessment. 
That study — thousands of pages long — and 
independent analyses have helped to appease 
some groups that were sceptical of the initial 
proposal. 

The conservation group Mass Audubon in 
Lincoln, Massachusetts, for example, spent 
three years tracking roseate terns (Sterna 
dougallii), migratory songbirds and sea ducks 
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Wind is outside the whales’ typical migra- 
tion path, but the animals pass closer to many 
other potential wind-farm sites along the East 
Coast. In 2012, several environmental groups 
and developers agreed to guidelines that would 
minimize risks to the whales. For example, dur- 
ing certain migratory periods, developers are 
expected to mitigate the noise through meas- 
ures such as generating curtains of bubbles 
around the project to dissipate sound waves. 
Peter Tyack, a marine biologist at the Woods 
Hole Oceanographic Institution in Massachu- 
setts, says that these and other measures will 
reduce the effects of construction on whales. 
“T would be surprised if it has a big impact on 
them,’ he says, although he advocates putting 
measures in place to reduce the risk. 


“I don’t think we’re looking 
at easy Street here.” 


wintering in the area, and found little cause 
for concern. The songbirds typically fly above 
300 metres, making collisions unlikely. And 
the terns and ducks stay close to shore during 
migration and breeding. 

The effects on marine mammals may be 
harder to predict. Researchers and environ- 
mentalists have worried in particular about 
the construction stage of offshore wind farms, 
which so far have almost exclusively used tur- 
bines fixed to the ocean floor. Pounding huge 
steel beams into the seabed generates sounds 
equivalent to a small explosion — enough to 
disrupt the behaviour of some marine mam- 
mals, at least temporarily. 

In the early 2000s, Jakob Tougaard, a 
marine bioacoustician at Aarhus University 
in Roskilde, Denmark, studied the effects of 
wind-farm construction on harbour porpoises 
(Phocoena phocoena) off the coast of Denmark. 
Using recordings of porpoise vocalizations, he 
found’ evidence that animals shied away from 
the construction site even up to distances of 
21 kilometres. “In most cases, there's a strong 
effect from construction,’ says Tougaard. But his 
work and follow-up studies by other researchers 
show’ that porpoise visits to the wind-farm area 
increase once construction has finished. 

To avoid severe problems such as damaging 
the hearing of marine mammals, Cape Wind 
is required as part of its lease to have at least 
one observer monitoring each turbine instal- 
lation. The company will delay pile driving if 
a marine mammal comes within 750 metres of 
the site, says Rachel Pachter, a permitting and 
environmental project manager for Cape Wind. 

Other projects might have to take stronger 
measures to accom- 
modate the endan- 
gered North Atlantic 
right whale (Eubal- 
aena glacialis). Cape 


> NATURE.COM 

For avideo about the 
Castine turbine, see. 
go.nature.com/m9hgqng 


Once construction is over, wind farms could 
even provide benefits to the marine animals. 
Researchers have suggested that forests of off- 
shore turbines can become artificial reefs, and 
a study published’ this year using tracking data 
found that seals sought out turbines at active 
wind farms in Germany and the United King- 
dom, perhaps to forage around them. “What 
really shocked me was the pattern they showed,’ 
says Deborah Russell, a marine biologist at the 
University of St Andrews, UK, who led the 
study. The seals may like the protection that the 
wind farm provides from boats, she says. 

Beyond concerns over wildlife, US pro- 
ponents of offshore wind farms have had to 
address the issue of hurricanes, which could 
buffet turbines with gusts much stronger than 
those experienced by facilities in Europe. 
Although no East Coast hurricane has tested an 
offshore turbine, engineers say that wind farms 
can be built to withstand them. Experience 
with offshore structures such as oil platforms 
provides confidence that widespread failure of 
turbines should not be a problem, says James 
Manwell, a mechanical engineer and director 
of the Wind Energy Center at the University of 
Massachusetts Amherst. But fortifying turbines 
requires extra steel, which drives up expenses. 
Companies will have to determine how to bal- 
ance the costs and benefits of reinforcing wind 
farms for infrequent hurricanes. 


ROCKY WATERS 
For developers, the big question is whether it 
makes economic sense to develop wind farms 
off US shores. Any extra effort associated with 
meeting environmental regulations or prepar- 
ing for severe storms will increase the cost of 
construction, at a time when wind farms have 
to compete with a bounty of cheap natural gas. 
So developers are experimenting with differ- 
ent designs in the hope of driving down costs. 
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Air power 
Plans are moving forward to develop offshore wind 
projects at several sites along the US coastline. 


a Principle Power WindFloat 
Five floating 6-MW turbines 


Wind speed (m s') 
4 5 6 8 9 10 


7 
@ Planned demonstration project 
@ Operational turbine 


@¥ Planned full-scale wind farm 


Monopile foundations — made ofa single huge 
tube driven into the seabed — are generally 
cheapest and well tested, but some develop- 
ers are trying foundations that twist three piles 
around a central column, similar to structures 
used for offshore oil and gas platforms. As tur- 
bines get larger, these multi-pile designs may be 
more stable and cost effective than monopiles. 

Another solution could be simply to float 
the turbines, as researchers have done with 
the experimental design in Castine. Habib 
Dagher, an engineer at the University of Maine 
in Orono, and his colleagues constructed the 
base of the turbine out of hollow concrete 
tubes; it is held steady in the waves by three 
cables attached to anchors on the sea floor. 
Such a design could operate in much deeper 
waters — where it is impractical to use a mono- 
pile that reaches all the way to the sea floor — 
and would be relatively cheap to construct, 
because it could be manufactured onshore and 
simply towed out to the designated location, 
says Dagher. 

He and others will have to prove that the 
full-size floating structures can stay upright 
and stable during major storms. Measure- 
ments taken since the demonstration turbine's 
launch suggest that the design will perform 
well. Even in winds up to about 80 kilometres 
per hour, the turbine leans by only 5.9 degrees, 
which indicates that a full-sized device should 
remain stable during storms so powerful 
they are expected to strike only once every 
500 years, says Dagher. 

Floating turbines were not taken seriously ten 
years ago, but now they are emerging as seri- 
ous contenders, says Musial. An experimental 
2-megawatt floating turbine off the coast of Por- 
tugal has been working since 2012, and Japan 


VolturnUS 
One floating 20-kW turbine 


First offshore wind turbine 
in the United States 


Cape Wind 
130 3.6-MW turbines 


Fishermen's Energy 
Atlantic City Windfarm 
Five 5-MW turbines 


Winds off the US coastline could provide 
4,200 gigawatts, more than four times the 
country’s current electricity needs. 


has two floating turbines already connected 
to the power grid. The US energy department 
has also expressed interest in the design: one of 
the three demonstration projects funded by the 
agency this year will station five 6-megawatt 
floating turbines in 350 metres of water off the 
coast of Coos Bay, Oregon (see ‘Air power’). 


POLITICAL PROBLEMS 
Experts say that the environmental and techni- 
cal challenges for offshore wind are surmount- 
able. The biggest barrier at the moment is the 
tangled fabric of policy rules that slow projects 
and provide insufficient certainty for develop- 
ers and investors, says Willett Kempton, who 
studies offshore-wind policy at the Univer- 
sity of Delaware in Newark. In New Jersey, a 
group of investors from the commercial fishing 
industry called Fishermen's Energy succeeded 
in securing one of the three Department of 
Energy grants, but has been locked in a court 
battle with the state Board of Public Utilities. 
The board has rejected the group's application 
for a demonstration project off the coast of 
Atlantic City, saying that the state's electricity 
users would bear too much of the cost. The 
most recent decision, handed down by a New 
Jersey appellate court on 18 August, will force 
the board to reconsider the application. 
Other projects have also fallen prey, at least 
in part, to concerns over politics, policy and 
costs. In Maine, for example, a deal to build 
a US$120-million wind farm, involving the 
Norwegian energy company Statoil, fell apart 
after the state's governor elected to reopen the 
bidding process to other developers. 
Kempton lauds the energy policies and 
financial incentives of the European coun- 
tries that have pushed ahead with offshore 
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wind. Denmark, for example, has set a target 
of getting 50% of its power from wind by 2020. 
To help meet that goal, it requires that the grid 
connect to offshore wind farms, and it sets a 
price for electricity from those facilities. 

Such long-term support is much more 
attractive to the wind-energy industry than the 
kind of short-term tax credits offered by the US 
federal government, which appear and disap- 
pear depending on the whims of Congress as 
it moves through its two-year election cycle. 
Some US states are starting to provide bet- 
ter support for projects that could encourage 
investors and developers. For example, early 
efforts to build a large wind farm off the coast 
of Maryland have been buoyed by the state’s 
offer of subsidies for developers. On 19 August, 
Italian energy company Renexia won an auc- 
tion to lease 32,000 hectares off Maryland’s 
coast, with a bid of $8.7 million. 

For now, however, the greatest chance of 
getting turbines into the water lies farther to 
the north. In September, developer Deepwater 
Wind received what it says is the final federal 
approval required to install turbines off the 
coast of Rhode Island in the middle of next year 
as part ofa demonstration project. And Energy 
Management hopes to start constructing its 
much larger Cape Wind project even sooner. 

To make that possible, the port of New 
Bedford, Massachusetts, is hurrying to finish 
preparations that will enable it to handle the 
1,400-tonne cranes required to lift the turbines 
onto ships that will carry them to the Cape 
Wind site. Massive excavators are working 
24 hours a day to deepen the port. 

“T think in the next several months we’re 
going to know whether Cape Wind is going to 
be real or not,’ says Bill White, senior director 
for offshore wind at the Massachusetts Clean 
Energy Center, which is managing the New 
Bedford site. 

Out ona small boat touring the port, White 
says that Cape Wind is only the beginning for 
New Bedford’s long-term plans. The hope is 
that the upgraded harbour will serve as a stag- 
ing ground for offshore-wind projects all along 
the eastern seaboard. 

White and the project engineers have visited 
ports in Europe, where they learned some valu- 
able lessons — in particular, that loading areas 
for offshore-wind parts must handle a tremen- 
dous amount of weight. A carefully orches- 
trated sandwich of concrete, steel and sand has 
added many metres of sturdy land to the port. 

The Europeans also taught him something 
else. “They said be careful with expectations,” 
White says. “It’s going to take some time.” m 


Gene Russo is a former Nature editor. 
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Chemical con artists 
foil drug discovery 


Naivety about promiscuous, assay-duping molecules is polluting the 
literature and wasting resources, warn Jonathan Baell and Michael A. Walters. 


cademic researchers, drawn into 
A« discovery without appropri- 
ate guidance, are doing muddled 
science. When biologists identify a protein 
that contributes to disease, they hunt for 
chemical compounds that bind to the pro- 
tein and affect its activity. A typical assay 
screens many thousands of chemicals. ‘Hits’ 
become tools for studying the disease, as well 
as starting points in the hunt for treatments. 
But many hits are artefacts — their activity 


does not depend on a specific, drug-like 
interaction between molecule and protein. 
A true drug inhibits or activates a protein 
by fitting into a binding site on the protein. 
Artefacts have subversive reactivity that mas- 
querades as drug-like binding and yields false 
signals across a variety of assays’. 

These molecules — pan-assay interfer- 
ence compounds, or PAINS — have defined 
structures, covering several classes of com- 
pound (see ‘Worst offenders’). But biologists 


and inexperienced chemists rarely recognize 
them. Instead, such compounds are reported 
as having promising activity against a wide 
variety of proteins. Time and research 
money are consequently wasted in attempts 
to optimize the activity of these compounds. 
Chemists make multiple analogues of appar- 
ent hits hoping to improve the ‘fit’ between 
protein and compound. Meanwhile, true hits 
with real potential are neglected. 

Until the past decade or so, screening > 


25 SEPTEMBER 2014 | VOL 513 | NATURE | 481 


© 2014 Macmillan Publishers Limited. All rights reserved 


WORST OFFENDERS 


Pan-assay interference compounds (PAINS) fall into hundreds of chemical classes, but some groups occur much more frequently than others. Among the most insidious 
are the eight shown here (reactive portions shown in red and purple). These and related compounds should set off alarm bells if they show up as ‘hits’ in drug screens. 


| 


“ 


ISOTHIAZOLONES 
Covalent modifier: 
reacts chemically 
with proteins in 
non-specific, 
non-drug-like ways. 


TOXOFLAVIN 
Redox cycler: can produce 
hydrogen peroxide, which 
can activate or inactivate 
different proteins. 


> work was mainly performed at phar- 
maceutical companies, and supported by 
experienced chemists. It is now increas- 
ingly common in academic environments, 
in which the same support may not exist. 
An example of this trend, the Academic 
Drug Discovery Consortium, founded in 
2012, already boasts more than 115 cen- 
tres in 9 countries. Unfortunately, growing 
numbers of academic drug researchers are 
typically not trained to separate hits into 
compounds good, bad and ugly’. 

The apparent activity of PAINS is so seduc- 
tive that work continues despite published 
reports explaining that a compound inter- 
feres with assays. One under-appreciated 
study* identified half-a-dozen molecules that 
showed activity against one-third or more of 
the proteins that they were screened against. 

Repeated identification of the same types 
of molecule as promising hits against dif- 
ferent proteins is polluting the chemical 
literature. Publications falsely revalidate 
molecules as good drug leads and feed 
Sisyphean cycles of ‘screen, publish, floun- 
der’. Chemical companies include these 
artefacts in their sales catalogues as pub- 
lished protein inhibitors, and other biolo- 
gists start using them in their own studies. 

Often termed ‘bad actors, PAINS are 
actually excellent actors: they impersonate 
promising leads only too well. One of us 
(J.B.) first published a guide’ to identifying 
PAINS in 2010, after his lab spent the equiva- 
lent of two or three employee years on futile 
work. The other of us (M.A.W.) became an 
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CURCUMIN 
Covalent modifier, 
membrane disruptor: 
muddles response of 
membrane receptors. 


Covalent modifier, 
metal complexer: 
sequesters metal ions that 
inactivate proteins. 


anti-PAINS advocate after preparing a man- 
uscript and patent application for a potential 
fungicide, only to realize that many of the 
compounds identified as ‘actives’ were not. 
For instance, some compounds underwent 
non-specific chemical reactions with pro- 
teins. More than a year was spent working 
out what was really going on, using assays 

for confounding 


“Most PAINS properties such as 
function aggregation, chemi- 
as reactive cal decomposition, 
chemicals protein reactivity and 
rather than fluorescence. 

discriminating Better awareness of 
drugs.” these molecules and 


a few precautionary 
practices could, we estimate, save years of 
biomedical-research work and millions of 
dollars in wasted experiments (see ‘PAINS- 
proof drug discovery’). 


MISLEADING MIRAGE 
Ina typical academic screening library, some 
5-12% of compounds are PAINS', which 
can be rediscovered in multiple assays. This 
reflects the proportions in the pre-assembled 
libraries that most academic laboratories buy 
or access, for example the Library of Phar- 
macologically Active Compounds (LOPAC) 
from chemical-supply company Sigma- 
Aldrich, and the Molecular Libraries Small 
Molecule Repository (MLSMR) from the US 
National Institutes of Health. 

Most PAINS function as reactive chemi- 
cals rather than discriminating drugs. They 
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PHENOL-SULPHONAMIDES 
Redox cycler, covalent 
modifier, unstable compound: 
breaks down into molecules 
that give false signals. 


ENE-RHODANINE 
Covalent 
modifier, metal 
complexer. 


give false readouts in a variety of ways. 
Some are fluorescent or strongly coloured. 
In certain assays, they give a positive signal 
even when no protein is present. Other com- 
pounds can trap the toxic or reactive metals 
used to synthesize molecules in a screening 
library or used as reagents in assays. These 
metals then give rise to signals that have 
nothing to do with a compound’s interaction 
with a protein. Other PAINS coat a protein 
or sequester metal ions that are essential toa 
protein's function, or they may alter proteins 
chemically without fitting specifically into a 
binding site. All of these mechanisms thwart 
further attempts to improve a molecule’s 
biological activity by tweaking its structure 
(the art known as medicinal chemistry). 

PAINS often interfere with many other 
proteins as well as the one intended. For 
example, under certain assay conditions, 
some molecules — redox cyclers — pro- 
duce hydrogen peroxide’, an antiseptic that 
is also produced by certain immune cells. 
The hydrogen peroxide inactivates the target 
protein and makes the compound look like a 
good inhibitor. But the compound itself may 
not bind to the protein at all. 

After a hit is identified, often the next step 
is to test it in cells. PAINS frequently have 
more than one interference mechanism. 
They might produce a desired cellular read- 
out, such as growth inhibition, even without 
acting as expected. Researchers are too read- 
ily convinced that a compound has potent 
activity against a protein target. They pur- 
chase similar compounds from commercial 


QUINONES AND CATECHOLS 
Redox cycler, 
metal complexer, 
covalent modifier. 


Covalent 
modifier. 


suppliers and use expensive medicinal- 
chemistry resources to make and test more 
analogues. Sometimes a molecule fails only 
after going through patenting and assess- 
ment in animals*. It is regrettably easy, in 
our experience, to get a misleading readout 
in an animal model that is not related to the 
anticipated mechanism of action. 

In fact, real hits — molecules that do 
interact specifically with the desired protein 
— often do not show activity in cells until 
structures are modified to bind more effi- 
ciently or to enter cells more readily’. 


ALL PAIN, NO GAIN 

Some of the compounds that should ring 
the most warning bells are toxoflavin and 
polyhydroxylated natural phytochemicals 
such as curcumin, EGCG (epigallocatechin 
gallate), genistein and resveratrol. These, 
their analogues and similar natural prod- 
ucts persist in being followed up as drug 
leads and used as ‘positive’ controls even 
though their promiscuous actions are well- 
documented*”. 

Rhodanines exemplify the extent of 
the problem. A literature search reveals 
2,132 rhodanines reported as having bio- 
logical activity in 410 papers, from some 
290 organizations of which only 24 are 
commercial companies. The academic 
publications generally paint rhodanines as 
promising for therapeutic development. In 
arare example of good practice, one of these 
publications” (by the drug company Bristol- 
Myers Squibb) warns researchers that these 


THREE TIPS 


PAINS-proof drug discovery 


Learn disreputable structures. 
Pan-assay interference compounds (PAINS) 
encompass some 400 structural classes, 
but more than half of PAINS in a typical 
library fall into just 16 easily recognizable 
categories’. Software tools can filter PAINS 
from screening libraries, but they are no 
match for sharp-eyed scientists. 
Researchers should familiarize 
themselves with the most common 
structures and consult with PAINS-savvy 
medicinal chemists when these structures 
show up in hits. Scan compounds for 
functional groups that could have reactions 
with, rather than affinity for, proteins. These 
may not be flagged as PAINS, but can be 
similarly misleading. 


Check the literature. Search by both 
chemical similarity and substructure to 
see if a hit interacts with unrelated proteins 
or has been implicated in non-drug-like 
mechanisms. Online services such as 


types of compound undergo light-induced 
reactions that irreversibly modify proteins. 
It is hard to imagine how such a mechanism 
could be optimized to produce a drug or 
tool. Yet this paper is almost never cited by 
publications that assume that rhodanines are 
behaving in a drug-like manner. 

Very occasionally, a PAINS compound 
does interact with a protein in a specific 
drug-like way. If it does, its structure could 
be optimized through medicinal chemis- 
try. However, this path is fraught — it can 
be difficult to distinguish when activity is 
caused by a drug-like mechanism or some- 
thing more insidious. Rhodanines also occur 
in some 280 patents, a sign that they have 
been selected for further drug development. 
However, to our knowledge, no rhodanine 
plucked out of a screening campaign is in 
the clinic or even moving towards clinical 
development. We regard the effort to obtain 
and protect these patents (not to mention 
the work behind them) as a waste of money. 

In a move partially implemented to help 
editors and manuscript reviewers to rid the 
literature of PAINS (among other things), the 
Journal of Medicinal Chemistry encourages 
the inclusion of computer-readable molecu- 
lar structures in the supporting information 
of submitted manuscripts, easing the use of 
automated filters to identify compounds’ 
liabilities. We encourage other journals to do 
the same. We also suggest that authors who 
have reported PAINS as potential tool com- 
pounds follow up their original reports with 
studies confirming the subversive action of 


SciFinder, Reaxys, BadApple or PubChem 
can assist in the check for compounds (or 
classes of compound) that are notorious for 
interfering with assays. 


Assess assays. For each hit, conduct at least 
one assay that detects activity with a different 
readout. Be wary of compounds that do 

not show activity in both assays. If possible, 
assess binding directly, with a technique 
such as surface plasmon resonance. 

Drill into further details. Compounds that 
become more active over time are probably 
acting through non-drug-like mechanisms. 
When a compound is tested with a protein 
and then diluted away, its activity should 
decrease. If not, it might be a PAINS. 

Verify the identity and purity of hits. 
Sometimes a positive readout is due to 
an unstable breakdown product of the 
chemical identified from the screening 
library’?. Remake or repurify these 
molecules and test them again. J.B. & M.A.W. 


these molecules. Labelling these compounds 
clearly should decrease futile attempts to opti- 
mize them and discourage chemical vendors 
from selling them to biologists as valid tools. 

Most of all, academic drug discoverers 
must be more vigilant. Molecules that show 
the strongest activity in screening might not 
be the best starting points for drugs. PAINS 
hits should almost always be ignored. Even 
trained medicinal chemists have to be 
careful until they become experienced in 
screening. Take it from us: do not even start 
down these treacherous routes. = 
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chemistry at Monash University in 
Melbourne, Australia. Michael A. Walters 
is research associate professor of medicinal 
chemistry at the University of Minnesota in 
Minneapolis, USA. 

e-mails: jonathan. baell@monash.edu; 
mwalters®umn.edu 
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BOOKS & ARTS 


Great crested grebes performing head-shaking, part of their courtship ritual. 


The Courtship Habits of 
the Great Crested Grebe 


Michael Brooke reappraises Julian Huxley’s pioneering 
classic of animal behaviour on its centenary. 


sa scion of the family that produced 
Ap Bulldog’ Thomas Henry 

Huxley, novelist Aldous Huxley 
and Nobel-prizewinning biologist Andrew 
Huxley, Julian Huxley (1887-1975) seemed 
destined to shine. He did, notably as an archi- 
tect of the mid-twentieth-century evolution- 
ary synthesis that merged Darwin's ideas on 
natural selection with population genetics. 
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Decades before that, however, he helped to 
pioneer the field of animal behaviour with 
his groundbreaking work on avian ethology, 
the 1914 Courtship Habits of the Great Crested 
Grebe. In it, he demonstrated how detailed 
observations of individual birds can prompt 
profound biological questions, and some- 
times reveal the outline of the answers. 
Huxley was keenly interested in 
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ornithology from his youth. In 1911, while 
away from lecturing duties at the Univer- 
sity of Oxford, UK, he began observing the 
courtship of the redshank Tringa totanus 
in Cardigan Bay, Wales. He found that 
although female redshanks did not actively 
select a mate from among competing males, 
they had the power to accept or reject each 
suitor — supporting part of Darwin's theory 
of sexual selection. The following April, 
Huxley and his brother Trevenen spent two 
weeks watching the courtship of great crested 
grebes (Podiceps cristatus). They did so at a 
reservoir near the Hertfordshire town of 
Tring, now renowned as home to the match- 
less bird collections of the Natural History 
Museum. The result was a paper published 
in the Proceedings of the Zoological Society of 
London in 1914 and later, in slightly abbrevi- 
ated form, as a pocket-sized book. 

By the month of the brothers’ observations, 
the grebes had already paired. Nevertheless, 
male and female, whose plumages are virtu- 
ally identical, engaged in striking behaviours 
such as the “cat attitude” and the “penguin 
dance’, as Huxley colourfully labelled them. 
These he interpreted as necessary to bring 
the two birds into what he perceived as the 
emotional synchrony needed for coition, 
nest-building and egg-laying. To achieve this, 
some behaviours have undergone a gradual 
change from useful action to symbol to ritual. 

It was Huxley’s landmark paper that iden- 
tified this process of ritualization in animal 
behaviour (he organized a Royal Society 
symposium to discuss it in 1965). Huxley also 
realized that ritualization extended to mam- 
mals, including people. With a sprinkling of 
references to Dante, Plato and Shakespeare's 
Romeo and Juliet, he digresses to muse on how 
human courtship so often and so predictably 
proceeds from hand-holding to kissing to 
more. More formally, he realized that behav- 
iours may be shaped by evolution. 

Darwin conceived sexual selection as hav- 
ing two principal components. The first, 
which still prevails, was that males would 
compete among themselves for access to 
females — leading, for example, to the huge 
size of belligerent bull elephant seals striving to 
monopolize a stretch of breeding beach. Sec- 
ond, he thought that ornamentation in one 
sex, most often the male, might be favoured 
by a mating preference of the other sex. 

Huxley found this concept more difficult 
because of the similar breeding plumage 
in both sexes of great crested grebe, and 
because courtship continues well after the 
birds have paired off. Huxley’s difficulties 
barely surface in the book, although he does 
presage the idea of runaway sexual selection, 
in which female preference for a male trait 
leads to ever more extravagant male traits. 
This latter idea was subsequently developed 
by Ronald Fisher in The Genetical Theory of 
Natural Selection (1930). But in 1938, Huxley 
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Julian Huxley in 1914. 


published a paper in The American Natu- 
ralist that effectively poured cold water 
on any enthusiasm for female choice, and 
even more for mutual choice. 

There matters largely rested until the 
early 1980s, when Malte Andersson 
showed that female choice did select for 
extreme male tail length in the African 
widowbird (Euplectes progne). Ten years 
later, Ian Jones and Fiona Hunter stud- 
ied the crested auklet (Aethia cristatella), 
a monogamous seabird in which both 
sexes are ornamented. The parallels with 
the great crested grebe are obvious. Jones 
and Hunter showed that both males and 
females responded to accentuated mod- 
els of the opposite sex with more frequent 
displays — confirming that ornaments in 
both sexes could be favoured by mutual 
mating preferences. Although beyond the 
scope of that study, it also seemed pos- 
sible that ornament size influenced the 
likelihood of re-pairing the following year. 
That would have further undermined 
Huxley’s reluctance to concede a role for 
sexual selection in any display after birds 
have paired for the season. 

In 1946, Huxley became the first 
director of the fledgling United Nations 
Educational, Scientific and Cultural 
Organization (UNESCO), and he was 
instrumental in the 1961 founding of 
the World Wildlife Fund, now known as 
WWE In the field of evolution, his over- 
whelming influence may have puta brake 
on the study of sexual selection, and his 
grebe-courtship observations have largely 
been superseded by those of zoologist Ken 
Simmons. But nobody has put two weeks’ 
birdwatching in the spring sunshine 
beside an English reservoir to greater 
heuristic effect. m 


Michael Brooke is Strickland Curator of 
Ornithology at the University Museum of 
Zoology in Cambridge, UK. 

e-mail: m.brooke@zoo.cam.ac.uk 
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COSMOLOGY 


A few words on infinity 


Lucy Fortson enjoys a slim primer on cosmology that 
uses a cleverly constrained lexicon. 


hen we think of cos- 
mology, we might 
think of some of 


its most complex scientific 
theories, such as inflation 
or the general theory of 
relativity. Or we might 
consider its astound- 
ing discoveries, such as 
the twinned mysteries of 
dark matter and dark energy, 
which together comprise 96% of 
the contents of the Universe. We 
may then have the unsettling idea 
that the remaining 4% (including the stuff 
of which humanity is made) is insignificant 
in the grand scheme of things — a thought 
all the more remarkable when we consider 
the extent to which the bits of recycled stars 
known as humans understand cosmology. 

The extraordinary story of the Universe 
and our journey to understand it is not 
an easy one to tell to the general public. 
But because it is the story that binds us all 
together, it is important to tell it in myriad 
ways to reach as many people as possible. 
The Edge of the Sky is an inventive, enjoy- 
able and thought-provoking contribution 
to that effort. 

Inspired by ‘Up Goer Five’ — an 
instalment of the webcomic xkcd, by 
former NASA roboticist Randall Mun- 
roe — theoretical cosmologist Roberto 
Trotta uses fewer than 90 pages to take the 
reader through a strange, yet sometimes 
compelling, exercise. He translates our cur- 
rent understanding of cosmology into the 
1,000 most popular words in English (or 
as the book would say, “the ten hundred 
most-used words in our tongue”). Effec- 
tively, this approach demanded the inven- 
tion of a new language 
through renaming of 
common objects: aer- 
oplanes, for instance, 
become flying cars. It 
is as if we are reading 
a book by an observer 
on a different planet. 
Paradoxically, this 


simplicity of language 
encourages us to think The Edge of the 
outside the familiar. Sn AR On tee 
. to Know about the 
So we follow a All-There-Is 
“student-person” (sci- ROBERTO TROTTA 


entist) through one Basic Books: 2014. 


The Antennae galaxies. 


night of observation using a “Big- 
Seer” (telescope), and her reflec- 
tions on the series of “Why? 
questions” (science) that have 
led her, and humanity, to the 
point of understanding as 
much as we do about the 
“All-There-Is” (Universe). 
We move from early (West- 
ern) cosmology that the “old 
people” believed in, centred on 
“Crazy Stars” (planets), to the 
discoveries of planets outside the 
Solar System and today’s search 
for new “Home-Worlds”. We then follow 
a fairly conventional path with the usual 
suspects, including the “student-people” 
Mr Hubble, Mr Einstein and Mrs Rubin, as 
Trotta brings us through discoveries from 
the expansion of the Universe to Big Bang 
nucleosynthesis — all using a total of just 
707 different words (and 42 names). 

This linguistic constriction left me 
wondering about the intended readership. 
At times, the exercise feels like just that, 
yielding pained oversimplifications that 
give the impression of inaccuracy, such as 
“tired light” for redshift. We begin to won- 
der whether Trotta embarked on the project 
merely as an intellectual puzzle, proving to 
himself that he could write a satisfactory 
explanation of cosmology with an arbitrary 
constraint on vocabulary. (There are faint 
echoes here, for instance, of the French 
writer and filmmaker Georges Perec’s exper- 
imental 1969 novel La Disparition, which 
excludes the letter e.) 

In reading this book, do the cosmologi- 
cally uninitiated really gain a clearer under- 
standing of the workings of the Universe, 
and could they then explain this to someone 
else using ordinary terminology? Probably 
not. But, as with a well-told folk tale, per- 
haps some of the passion and poetry of this 
ultimate quest will be conveyed, inspiring a 
new student-person to ask the right Why? 
questions. This would be no small success. m 


Lucy Fortson is associate professor of 
physics at the University of Minnesota in 
Minneapolis, where she teaches cosmology. 
She is also committed to improving the 
scientific literacy of the general public 
through the citizen-science project 
Zooniverse (www.zooniverse.org). 

e-mail: fortson@physics.umn.edu 
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| COMMENT | BOOKS & ARTS 


Peter Ratcliff restores and investigates violins from his workshop in Hove, UK. 


Q&A Peter Ratcliff 
Violin detective 


Peter Ratcliff uses dendrochronology — tree-ring dating — to pin down the age and suggest the 
provenance of stringed instruments. As he prepares to speak at the Woodmusick instrument- 
identification conference in Cremona, Italy, on 30 September, he talks about the science of 
spotting fakes, and the 14 Stradivarius instruments made from the same spruce tree. 


How do you use dendrochronology for dating? 

The bellies of most Western stringed instru- 
ments are made from spruce, whose tight, 
even growth is easy to analyse. When I am 
sent an instrument, I measure the width of 
each ring in the varnished wood. The unique 
pattern formed by the rings can be matched 
with those on thousands of instruments in 
databases, as well as cores extracted from the 
oldest living trees and ancient timber. The 
year of the most recent ring on an instrument 
is the earliest it could have been built. 


How do you pin down the school of making? 

Ring patterns depend on weather, climate, 
soil composition and other local factors, so 
the pattern in any tree resembles those of its 
neighbours. I list other instruments whose 
wood grain is the closest match. Occasion- 
ally, I will find some by the same maker 
or, more rarely, by different makers who 
used the same tree — such as a 1744 violin 
made by Giuseppe Guarneri Del Gest from 
Cremona, for instance, matched to a 1746 
Sanctus Seraphin from Venice, and surpris- 
ingly, a 1767 José Contreras from Madrid. I 
am cautious not to make hard claims about 
authenticity, but ifI examine a violin and 90% 
of instruments that match dendrochrono- 
logically are from, say, seventeenth-century 
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England, I will suggest that the owner showit 
to an expert who can assess whether style, var- 
nish and construction conform to that school. 


What have you learned about the habits of 
old violin makers? 

To make a violin today, you buy a wedge of 
spruce, split it down the middle and align 
the halves so you have a symmetrical pattern 
—a ‘book match’ It is clear that many early 
makers did not work in this way. In a study of 
13 violins and violas made by Andrea Amati, 
the sixteenth-century grandfather of mod- 
ern violin-making, investigator John Topham 
and I found that 5 came from the same tree 
and only one was a true book match. I have 
also found that at least 14 violins and violas 
built by Antonio Stradivari between 1695 and 
1705 are made froma single tree. My guess 
is that these old masters would buy a log, 
split it into wedges thick enough for half the 
soundboard, and hang them ona rack, some- 
times for years, without worrying about book 
matches. Many soundboards are mismatched 
or come from different trees. 


Have you spotted fakes? 

Several — including two violins falsely 
attributed to Stradivari, and some that could 
not have been made before 1920. But two 
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instruments have gone up in value after I 
found that their soundboards matched trees 
known to have been used by Stradivari; one 
subsequently sold at auction for more than 
four times its estimate. Many convincing for- 
geries were made in the nineteenth and early 
twentieth centuries, but the science did not 
exist then. Forgers now are aware of dendro- 
chronology, and it could be a problem if they 
use wood from old chalets to build sophisti- 
cated copies of historical instruments. 


How about unintentional deceit? 

I never like to ‘kill a violin — reveal it as 
not what it seems. But if the wood does not 
match the claims, I investigate. I was recently 
sent photos of a violin supposedly made by 
an Italian craftsman who died in 1735. The 
wood dated to the 1760s, so I knew he could 
not have made it. But I did see strong cor- 
relations to instruments made by his sons 
and nephews who worked in the 1770s. So 
I deduced that the violin might have been 
damaged and an entirely new soundboard 
made after the craftsman’s death. The violin 
was pulled from auction, but not before it 
had received bids of more than US$100,000. 


Will dendrochronology change the market? 

I think it already has, and has called into 
question some incorrect historical assump- 
tions. Large violins of the Brescian school, 
which have a double line of inlaid decora- 
tion, were thought to have faded out with 
the death of maker Giovanni Paolo Maggini 
in about 1630. But I have tested 4 of these 
instruments and found that they were made 
at least 50 years after his death. Several 
important UK and US dealers and auction 
houses have found the information use- 
ful, especially when it confirms what they 
already believe. Others have knowingly 
sold instruments that were not quite what 
was claimed, and many of these are nervous 
about dendrochronology. Eventually, ’'m 
hoping, this analysis will become routine. If 
you are spending £400,000 on a violin, what's 
another £500 for a scientific report? 


Can you identify violins made from the same 
tree by their sound? 

I dont believe this has been tested, but I would 
wager that a musician would not be able to 
select a pair of same-tree violins from a crowd. 
Incidentally, there does not seem to be any 
scientific or acoustic evidence that older 
instruments sound better. In an experiment 
reported this year by researcher Claudia Fritz, 
six old violins, including five Strads, were 
compared with six new ones in a double-blind 
test. Experienced players could not tell old 
from new. The new instruments seemed to be 
the favourites. I suspect that these results are 
not going to revolutionize the violin world. m 
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Social change affects 
Antarctic priorities 


New research priorities will 
arise for Antarctic science as 

a result of climate change and 
possible tensions between 
conservation and resource 
utilization. These priorities are 
not captured in the Scientific 
Committee on Antarctic 
Research's Antarctic and 
Southern Ocean Horizon Scan 
(see M. C. Kennicutt et al. 
Nature 512, 23-25; 2014). 

Over the next 20 years, 
the climate debate is likely to 
shift towards mitigation and 
adaptation strategies to offset 
economic, environmental and 
social impacts. This shift will 
prioritize efforts to improve 
forecasts of the most important 
elements of the scale, nature 
and consequences of climate 
change, and will compel 
research into potentially high- 
risk adaptation options such as 
geo-engineering. 

By 2034, the Antarctic Treaty 
System will probably comprise 
an increased membership, 
with internal dynamics driven 
by parties’ priorities. There 
will be more speculation on 
resource extraction in the 
lead up to 2048, which is the 
earliest juncture at which 
the indefinite ban on mining 
under the Madrid Protocol 
on Environmental Protection 
to the Antarctic Treaty can be 
reviewed. Fuelling speculation 
about exploitation will be a 
probable increase in ice-free 
rock, easier access to Antarctica 
with reductions in seasonal 
sea ice, and new technologies 
and drivers for exploration, 
extraction and visitation. This 
trend is already evident in the 
Arctic. 

In the Southern Ocean, 
an expanding krill fishery 
responding to a growing 
human population will test the 
precautionary management 
regimes that account for 
dependent predators such as 
whales, seals and penguins. 
Science will need to support 


sustainable fishery models 
that integrate the ecological 
consequences of krill catches 
with those of climate change. 
Adding the social dimension 
to Kennicutt and colleagues’ 
Horizon Scan in our view 
reprioritizes some of their 
pressing questions, as well as 
raising new and important ones. 
Nick Gales Australian Antarctic 
Division, Hobart, Australia. 
nick.gales@aad.gov.au 
Phil Trathan British Antarctic 
Survey, Cambridge, UK. 
Anthony Worby Antarctic 
Climate and Ecosystems 
Cooperative Research Centre, 
Hobart, Australia. 


Intensive dairy farms 
becoming greener 


I disagree with some of the 
assertions made by Mark Eisler 
and colleagues about how to 
provide a growing human 
population with high-quality 
protein from limited arable 
land (see M. C. Eisler et al. 
Nature 512, 371; 2014). Their 
conjecture that cutting animal 
productivity by 20% would 
result in 80% better welfare 
and environmental impact is 
particularly unrealistic. 

On the contrary, milk 
production is being sustainably 
intensified by effective 
management of high-yielding 
herds. Dairy cows have become 
more productive through 
genetic selection and better 
nutrition, housing and health, 
with a concomitant drop of 63% 
in greenhouse-gas emissions 
per unit of milk produced 
(J. L. Capper et al. J. Anim. Sci. 
87, 2160-2167; 2009). 

Typically, the diet of dairy 
cows in intensive farming 
systems is 60% forage fibre 
by weight (see go.nature. 
com/h3w7yy). Feeding these 
cows grain does not divert 
an equivalent mass of food 
away from humans, because 
the concentration of protein 
and other nutrients in milk 
surpasses that in grain. The 


male calves of Holstein dairy 
cows are already used for meat 
production, and manure is 
widely used as fertilizer on 
dairy farms (see go.nature.com/ 
ebm5a9). 

Stephen LeBlanc University of 
Guelph, Canada. 
sleblanc@uoguelph.ca 


Research critics to be 
properly informed 


You highlight social-media 
activity following publication of 
our papers on Homo floresiensis 
(dubbed hobbits), quoting 

a tweet that dismisses our 
conclusions as “based seemingly 
on zilch” (see Nature 512, 235; 
2014). Critics of our findings, 
which question the taxonomic 
validity of H. floresiensis as a 
separate species, should have at 
least read the papers and checked 
the facts. 

Our first report (R. B. Eckhardt 
et al. Proc. Natl Acad. Sci. USA 
111, 11961-11966; 2014) 
shows that specimen LB1, the 
individual originally designated 
as representing H. floresiensis, 
is developmentally abnormal; 
the second (M. Henneberg et al. 
Proc. Natl Acad. Sci. USA 111, 
11967-11972; 2014) presents a 
diagnosis of Down's syndrome 
for LB1. 

These interpretations are 
based on detailed comparative 
skeletal morphology (see 
the papers’ supplementary 
information) and on earlier 
diagnoses of Down's syndrome 
from skeletons (see, for example, 
A. Czarnetzki et al. Lancet 362, 
1000; 2003; and M. Rivollat et al. 
Intl J. Paleopathol. 7, 8-14; 2014). 

Objectivity is key in 
controversial fields, particularly 
when the evidence is so hard- 
won. Crucial evidence in 
this case would come from 
radiocarbon dating of tissue 
from LB1 and from unrestricted 
access to the skeletal remains 
of the other 14 H. floresiensis 
individuals so that their details 
can be studied independently. 
Robert B. Eckhardt Pennsylvania 


State University, University 
Park, USA. Maciej Henneberg 
University of Adelaide, Australia. 
eyl@psu.edu 


Science should boost 
well-being, not GDP 


To achieve a more socially 
equitable society in which science 
benefits everybody, we need 
structural changes in the way that 
our economy works to remove 
the quest for constant growth of 
gross domestic product (see www. 
positivemoney.org). Spending 
billions of dollars on better 
versions of existing facilities risks 
entrenching unsustainable and 
destructive industries, which will 
not address the global challenges 
we face (see go.nature.com/ 
kyamxu). 

Consider, for example, 
the eviction of indigenous 
communities in parts of the world 
where increasingly large areas of 
land are being sacrificed to mining 
activity — a situation currently 
facing populations in southeastern 
Ecuador (see go.nature. 
com/1mlkki). Furthermore, 
poverty and ill health are on the 
rise in affluent countries such 
as the United Kingdom, despite 
resource-intensive technologies 
(see go.nature.com/xznIni). 

If science is to serve the public 
good, we have to shift to more 
ecosystem-centred systems 
that also take human rights and 
well-being into account. Good 
examples include the farmer 
field schools set up by the United 
Nations, engaging farmers in 
agro-ecological research (see 
T. MacMillan and T. Benton 
Nature 509, 25-27; 2014). 

Mark A. de Vries Edinburgh, UK. 
m.a.devries@mail.com 
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BRIEF COMMUNICATIONS ARISING 


Mitochondrial Ca** uniporter and CaMKII 


in heart 


ARISING FROM M. A. Joiner et al. Nature 491, 269-273 (2012); doi:10.1038/nature10234 


The influx of cytosolic Ca?* into mitochondria is mediated primarily 
by the mitochondrial calcium uniporter (MCU)', a small-conductance, 
Ca”*-selective channel?~-—MCU modulates intracellular Ca** transi- 
ents and regulates ATP production and cell death’. Recently, Joiner et al. 
reported that MCU is regulated by mitochondrial CaMKII, and this regu- 
lation determines stress response in heart’. They reported a very large 
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Figure 1 | Heart MCU current and CaMKII. a, Transmitted image of heart 
mitoplasts obtained by exposure of mitochondria to 5-min hypotonic shock. 
Both round (left) and ‘figure-8-shaped’ (right) mitoplasts were present in this 
preparation and used for electrophysiological experiments. Arrows indicate 
remnants of the outer mitochondrial membrane. The average diameter of heart 
mitoplasts in this preparation is ~4.5 tm (n = 65), which corresponds well with 
the average membrane capacitance (C,,) measurements of 0.67 pF that we 
previously reported. b, Representative heart whole-mitoplast MCU currents 
(Iqcu) recorded in the presence (left) or absence (middle) of 150 mM Na- 
gluconate in both the pipette and bath solutions. Imcu was recorded with 
different bath Ca?* concentrations: 0.2 mM (red), 1 mM (blue) and 105 mM 
(green). Ivicu was blocked by 50 nM RuR added to the 0.2 mM Ca’* bath 
solution (control, black). Currents in left and middle panels are not normalized 
and were recorded from two different mitoplasts with comparable membrane 
capacitance (C,,, = 0.80 pF and 0.84 pF, respectively). The voltage ramp protocol 
used to elicit Iyycy is indicated at the top. With Na” in the recording solutions we 
also observed a small outward current at high positive voltages. This current was 
absent in Na -free conditions (middle and ref. 3). Pipette solution (in mM): 
150 Na-gluconate, 40 HEPES, 2 NaCl, 1.5 EGTA, tonicity 450 mmol per kg with 
sucrose, pH 7.2 with NaOH. Bath Ca?* solutions with 0.2 and 1 mM Ca?* were 
prepared by addition of 1 M stock solution of CaCl, into the bath solution 
containing (in mM): 150 Na-gluconate, 40 HEPES, tonicity 300 mmol per kg, 
pH7.4 with NaOH. The bath solution with 105 mM Ca’* contained 105 mM 
CaCl, and 10mM HEPES, pH 7.2 with Tris base. Right: histogram representing 
average MCU current densities (Icy normalized to C,,) obtained in the 
presence (black) or absence (red) of 150 mM Na-gluconate in recording solutions 
with different bath Ca?* concentrations (0.2, 1 and 105mM). Current 
amplitudes were measured at 5 ms after stepping from 0 to -160 mV. IMcu 
densities were as follows: at bath 0.2 mM Ca**, 3.3 + 0.4pA pF’ (n = 8) with 
150 Na-gluconate in recording solutions and 6 + 0.7 pA pF’ without Na- 
gluconate in recording solutions; at bath 1 mM Ca?*,6.2+0.7 pA pF" (n=9) 
with Na-gluconate and 11.4 + 0.7 pA pF" (n = 6) without Na-gluconate; at bath 
105 mM Ca’", 14.2 + 0.7 pApEF' (n = 12) with Na-gluconate and 


current putatively mediated by MCU that was about two orders of mag- 
nitude greater than the MCU current (Iycu) that we previously measured 
in heart mitochondria’; furthermore, the current traces presented by 
Joiner et al. showed unusually high fluctuations incompatible with the 
low single-channel conductance of MCU. Here we performed patch- 
clamp recordings from mouse heart mitochondria under the exact 
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33.2 + 2pA pF’ (n = 7) without Na-gluconate in the pipette solution. Statistical 
data are presented as mean + s.e.m. c, Representative Iy;cy in control (left), in the 
presence of a constitutively active monomeric CaMKII (T287D mutant) in the 
patch pipette (middle), and in the presence of wild-type monomeric CaMKII 
previously activated (autophosphorylated) with Ca?* /calmodulin (CaM) and 
Mg’*/ATP (y-thiol-ATP) (right) in the patch pipette. Icy was elicited by a 
voltage ramp protocol (see panel b) in the presence of 0.2 and 105 mM Ca**. 
Iucu amplitude was monitored for up to 35 min after formation of the whole- 
mitoplast configuration as in Joiner et al.’ (however, the calculated diffusion 
time’* for the 35-kDa monomer of CaMKII from the pipette into the mitoplast is 
only ~25 s). Pipette solution contained (in mM): 150 Na-gluconate, 40 HEPES, 
2 NaCl, 1.5 EGTA, tonicity 450 mmol per kg with sucrose, pH 7.2 with NaOH. 
The recombinant T287D and wild-type CaMKII were added to the control solution 
at 0.5 or 1 1M, in the presence of 2mM Na,ATP and 3mM MgCl. (Addition 
of ATP and Mg** alone did not affect Icy.) d, Histogram showing average Iycu 
current densities obtained in the absence (black, control) or presence of T287D 
(red) or wild-type monomeric CaMKII pre-autophosphorylated with thiol-ATP 
(blue) in the pipette. Currents were measured in 0.2 and 105 mM Ca?* as 
described in c, and amplitudes were determined at 5 ms after stepping from 0 to 
-160 mV. Icy densities were as follows: at bath 0.2 mM Ca?*, 3.2 + 0.3 pApF’ 
(n = 17) in control, 3.2 + 0.3 pA pF | (n = 14) for T287D, and 3.0 + 0.3 pA pF” 
(n = 8) for autophosphorylated wild-type CaMKII; at bath 105 mM Ca?*, 

16.4 + 0.5 pA pF ' (n= 16) in control, 17.9 + 1.1 pA pF (n = 11) for T287D, 
and 16.2 + 0.5 pA pF‘ (n =5) for autophosphorylated wild-type CaMKII. 
Statistical data are presented as mean + s.e.m. e, Histogram showing average 
Imcu current densities in control (black) and in the presence of a constitutively 
active monomeric CaMKII (T287D mutant) in the patch pipette either alone 
(red) or with 1 .M CaM and 5-10 1M free Ca** (green). IMcu densities were as 
follows: at bath 0.2mM Ca?*, 3.2 + 0.3 pA pF” (n = 17) in control, 

3.2 + 0.3 pA pF! (n = 14) for T287D, and 2.8 + 0.1 pA pF? (n = 5) for T287D 
in the presence of 1 «M CaM and 5-10 uM free Ca”. Current amplitudes were 
measured at 5 ms after stepping from 0 to -160 mV. Statistical data are presented 
as mean + s.e.m. 


25 SEPTEMBER 2014 | VOL 513 | NATURE | El 


©2014 Macmillan Publishers Limited. All rights reserved 


BRIEF COMMUNICATIONS ARISING 


conditions used by Joiner et al.’, and confirm that Icy in cardiomyo- 
cytes is very small and is not directly regulated by CaMKII; thus, the 
currents presented by Joiner et al. do not appear to correspond to MCU, 
and there is no direct electrophysiological evidence that CaMKII reg- 
ulates MCU. There is a Reply to this Brief Communication Arising by 
Joiner, M. A. et al. Nature 513, http://dx.doi.org/10.1038/nature13627 
(2014). 

The main differences in the experimental conditions used by Joiner 
et al.’ and in our previous study’ were: the use of hypotonic shock to 
prepare mitoplasts (versus French press in our study), the presence of 
high Na“ concentration in recording solutions (versus Na” -free solutions), 
and the age of the mice (2-3 months versus 3-4 weeks). 

Figure 1a shows mouse heart mitoplasts obtained by exposure of mito- 
chondria to hypotonic shock. The measured average membrane capacit- 
ance (C,,) was 0.65 + 0.03 pF (+ s.e.m., n = 65), which correlates well 
with C,, measurements reported for heart mitoplasts obtained with 
French press’, as well as with measurements of the inner mitochondrial 
membrane surface area using electron microscopy*” and with estimated 
measurements of idealized cardiac mitochondria!”. Therefore, the values 
reported by Joiner et al.’ seem to be abnormally high (5—9 pF), indicating 
inaccuracy in monitoring C,, leading to faulty values of Incu densities 
throughout the paper. 

We recorded Icu from heart mitoplasts isolated by hypotonic shock 
with 150 mM Na-gluconate in the pipette and bath solutions (as in Joiner 
et al’; Fig, 1b, left panel) and without Na* (conditions previously used by 
us’; Fig. 1b, middle panel). [cu recorded in the presence of Na-gluconate 
was significantly smaller than in its absence (Fig. 1b). Our data support 
the observation that elevated Na” may regulate heart mitochondrial 
Ca’* concentration'™?, Notably, the whole-mitoplast Iycy was about 
two orders of magnitude lower than the current reported by Joiner et al.’ 
(~2pA at —160 mV in 0.2mM Ca** versus ~180pA) and did not 
exhibit high fluctuations as expected for a small-conductance channel. 
Also, the current reported by Joiner et al.’ was not inhibited by Ru360 in 
the same fashion as the Iyycy (ref. 2). In 10 nM Ru360, Icy shows no 
immediate inhibition upon stepping from 0 mV to — 120 mV (ref. 2), and 
the inhibition develops slowly over time’, whereas the current of Joiner 
et al.’ was inhibited immediately upon stepping from 0 to —160 mV. 
All these observations indicate that Joiner et al.’ did not record Iycu. 
We suggest that either they did not record from inner mitochondrial 
membrane or the integrity of their mitoplasts was compromised. 

Next, we tested whether Ivcu is directly regulated by CaMKII, as 
claimed by Joiner et al.’, who reported that addition of a constitutively 
active monomeric form of CaMKII (T287D mutant) to the patch pipette 
potentiated their currents. When we applied T287D mutant CaMKII, we 
failed to observe any functional change in Iycu; either without (Fig. 1c, 
middle panel, and Fig. 1d) or with Ca?t plus calmodulin (Fig. le). We 
further verified these results using wild-type monomeric CaMKII pre- 
autophosphorylated with thiol-ATP to prevent de-autophosphorylation 
and again observed no change in Imcu (Fig. Ic, right panel, and Fig. 1d). 

The noisy currents presented by Joiner et al.’ do not appear to be carried 
by MCU, and their extremely high amplitude misrepresents the actual 
MCU activity in heart. Heart, with abundant mitochondria and frequently 
elevated cytosolic Ca**, has very low MCU current’, which is probably 
critical for avoiding disruption of cytosolic Ca** signalling and preventing 
mitochondrial Ca** overload and cell death. Finally, our electrophysio- 
logical experiments with MCU currents did not indicate that MCU is 
regulated by CaMKII. 
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Methods 


Electrophysiological experiments were performed as in ref. 3. Recombinant 6- 
human monomeric CaMKII (1-317) was purified from baculovirus using an amino- 
terminal 6X-HN tag and Ni chromatography followed by gel filtration. Activity 
of recombinant CaMKII was measured in Na-gluconate pipette solution using 
the peptide substrate AC-2 (ref. 13). Constitutive activity (no Ca”* /calmodulin) 
was undetectable for wild-type CaMKII and 4.6 pmol min’ mg” for the T287D 
mutant. The Ca”*/calmodulin stimulated activity of T287D CaMKII was 9.7 mol 
min ' mg’. Wild-type CaMKII was autophosphorylated in y-thiol-ATP to pro- 
mote Thr 287 autophosphorylation, which allows CaMKII to be active without 
Ca’*/calmodulin (that is, autonomous activity)". The autonomous activity of 
wild-type CaMKII was 19.4umol min’ mg™' (~91% of the Ca**/calmodulin 
stimulated activity). 
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Joiner et al. reply 


REPLYING TO F. Fieni et a/, Nature 513, http://dx.doi.org/10.1038/nature13626 (2014) 


In our Letter’ identifying mitochondrial CaMKII as a crucial component 
of a Ca**-dependent process of heart disease, we used multiple methods 
to show that CaMKII modulates mitochondrial Ca?* homeostasis, as 
outlined below. First, we carried out electrophysiology of the mitochon- 
drial calcium uniporter (MCU) current in mitoplasts. In our report’ we 
did not claim to measure capacitance of the mitoplast separately from 
the total capacitance of the mitoplast and pipette. Although we concede 
that the approach of Fieni et al.” is preferable, we found that even after 
removing any correction for capacitance, dialysis with constitutively 
active CaMKII monomers increased MCU current whereas dialysis 
with catalytically dead CaMKII monomers did not. 

Second, we identified candidate CaMKII sites on the MCU amino 
terminus (serine 57 and serine 92), and used a variety of approaches to 
provide evidence that both are functional and their phosphorylation 
by CaMKII increases MCU current. These approaches include trans- 
genic mitochondrial-targeted expression of a highly selective CaMKII 
inhibitor (mtCaMKIIN), and dialysis of both constitutively active and 
catalytically inactive control CaMKII in cardiac mitoplasts, as well as 
in mitoplasts from HEK cells overexpressing wild-type MCU ora mutant 
form in which the two serines are replaced with alanines (S57A/S92A). 
We are uncertain why the dialysis by Fieni et al.”, which used a consti- 
tutively active monomeric form of CaMKII, was ineffective in increasing 
MCU current, but given the tendency with which this kinase may lose 
activity we prefer a positive control experiment showing that the intro- 
duced CaMKII is active within a biological system. 

Third, we measured a current from mitoplasts that we believe to be 
from MCU because: (1) it rectifies inwardly; (2) it displays greater Na* 
than Ca?* conductance; and (3) it is inhibited by Ru360 (albeit with a 
different kinetic signature than reported by Fieni et al.”). In addition to 
the voltage-clamp approach, we measured mitochondrial Ca** entry 
with Ca”* green-5N dye and mitochondrial-targeted cameleon FRET, 
which also report on mitochondrial Ca** entry via the MCU pathway 
(that is, MCU current), as confirmed by a recent report on MCU 
knockout mice’. Indeed, mitochondrial Ca”* uptake measured using 
Ca?* green-5N, intramitochondrial Ca’* sensitive probes and Ca?*- 
induced mitochondrial swelling are absent in MCU knockout mice, 
indicating that these approaches are reporting on MCU current. These 
approaches, deployed ina variety of systems, corroborated our findings 
with voltage clamp and supported the role of CaMKII in facilitating 
mitochondrial Ca** entry. 

Since the time of our publication we have continued to study the 
role of CaMKII in mitochondria, including work to validate the Ser 57 
and Ser 92 sites on MCU further. We note that our ongoing experiments 
support the concepts outlined in our original paper. The main finding in 
Joiner et al. was that CaMKII is present in cardiac mitochondria, where 


it participates in mitochondrial Ca** homeostasis and contributes to 
pathological responses to stress, including myocardial infarction, isch- 
aemia-reperfusion injury and catecholamine toxicity’. We stand by the 
findings in our report, and look forward to future studies that will shed 
light on the contribution of MCU, its regulatory subunits and signalling 
pathways to mitochondrial biology and disease. 
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A fresh look at river flow 


A detailed survey of the Fraser River in Canada challenges preconceptions about how river water flows. The results 
call for a re-evaluation of how waterways carve through bedrock to form canyons. SEE LETTER P.534 


NICOLE M. GASPARINI 


nyone who has ever hiked beside, 
At in or floated down a bedrock 

river knows the beauty of the canyons 
that they create. But how exactly does a river 
incise through bedrock and cut a deep canyon? 
Venditti et al.' explore this question on 
page 534 of this issue, with their report of an 
extensive set of data on river-flow velocity 
through the canyons of the Fraser River in 
western Canada (Fig. 1). Their observa- 
tions challenge standard assumptions about 
water-flow patterns and suggest a mechanism 
for how bedrock canyons evolve in space 
and time. 

Although researchers have long hypoth- 
esized’ about the processes that control 
bedrock incision, it was only in the past 
20 years that bedrock rivers gained promi- 
nence in the scientific literature. A big reason 
for this is practical. Scientists and engineers 
tend to divide rivers into two types: bedrock 
and alluvial. Bedrock rivers cut directly into 
bedrock, and are often found in actively 
uplifting mountainous terrain and sparsely 
inhabited areas. By contrast, alluvial rivers 
are usually found in less mountainous — and 
therefore more habitable — terrain, where 
people build infrastructure that they want to 
protect. Understandably, extensive literature 
exists on the morphology and behaviour of 
alluvial rivers. 

It is tempting to try to fit the behaviour of 
bedrock rivers into the mould of alluvial rivers, 
but the two differ in many respects. Venditti and 
colleagues highlight one example of this: flow 
patterns in narrow bedrock canyons can act 
both to locally increase incision rates into bed- 
rock and to maintain nearly vertical bedrock 
walls through canyons. 

To understand Venditti and colleagues’ 
results, we must step back and review some 
fundamental ideas about flow velocity in 
rivers. Any student of fluid dynamics learns 
about the ‘law of the wall; which states that the 
average velocity of turbulent flows increases 
logarithmically with distance away from a 
wall — or, for rivers, from the bed of the river 
channel’ (Fig. 2). This ‘law’ is ingrained in how 
scientists and engineers think about, sam- 
ple and manage rivers. For example, the US 


Figure 1 | The Fraser Canyon, Canada. 


Geological Survey has developed widely used. 
methods for measuring the average velocity of 
rivers on the basis of the ‘typical’ logarithmic 
velocity profile’. But not all velocity profiles are 
logarithmic. Venditti and colleagues’ data illus- 
trate important, previously unobserved aspects 
of velocity patterns in bedrock canyons that 
could influence how such canyons are built 
and maintained. 

The authors used a boat-mounted acoustic 
Doppler current profiler (ADCP) to survey 
extensive reaches of the Fraser Canyon, which 
consists of 42 individual bedrock canyons. 
An ADCP uses the Doppler shift in multiple 
sound-wave beams to measure flow velocities 
from the water surface to the near-bottom. 
Originally deployed by oceanographers, this 
tool is now becoming more widely used by 
scientists studying rivers. In contrast to stand- 
ard flow meters, which make velocity meas- 
urements one point at a time, ADCPs provide 
data on the entire velocity profile — not only 
saving time, but also providing a more detailed 
view of cross-sectional and longitudinal flow 
patterns. 

Venditti et al. observe that a core of high- 
velocity flow is diverted downward from near 
the water surface towards the bed of the chan- 
nel at places where the river enters a narrow 
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bedrock canyon (Fig. 2). This high-velocity 
core follows the channel bed downstream into 
a plunge pool (a locally deep part of the bed), 
where it then dissipates. Crucially, the shear 
stress (force per unit area) that the flow exerts 
on the bed is proportional to the square of the 
vertical gradient in velocity. A high-velocity 
core near the bed of the channel leads to locally 
higher shear stress — much higher than would 
be expected from a logarithmic profile — and 
suggests that bedrock-incision rates will be 
relatively high at this point. 

Where the canyon deepens downstream, 
the high-velocity core dissipates, so that shear 
stress is lower and incision rates are also prob- 
ably lower. This downstream change in incision 
rates could lead to increased erosion upstream 
of the plunge pool, or progressive deepening 
of the canyon upstream. Furthermore, Venditti 
and colleagues observed secondary cross-chan- 
nel circulation patterns where the fast surface 
flow plunges downward: the downward flow 
in the centreline causes upward flow along 
the bedrock banks. Such upward flow might 
undercut the banks, leading to their collapse 
and maintaining nearly vertical bedrock- 
canyon walls. The researchers suggest that their 
findings are relevant beyond their study area, 
because similar bedrock-canyon shapes are 
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Figure 2 | Flow velocity in rivers. It is often 
assumed that the flow velocity of a river increases 
logarithmically with the distance from the bed. By 
contrast, Venditti et al.’ report that the Fraser River 
flows fastest close to the bed at locations where the 
river enters a narrow bedrock canyon. 


observed in other systems, and experimental 
data’ exhibit similar flow structures to those in 
the Fraser Canyon. 

So what does this mean for our understand- 
ing of the long-term evolution of bedrock-river 
valleys? A convenient way to study the evolu- 
tion of bedrock rivers and the mountainous 
topography that they shape is to use compu- 
tational models. These models must calculate 
the evolution of topography over million-year 
timescales, and are limited to spatial resolu- 
tions of the order of 100 to 1,000 metres by 
currently available computational capabilities. 
So not only is the resolution of models wider 
than the width of a typical bedrock canyon, it 
is also longer than the flow patterns observed 
by Venditti and co-workers (the patterns occur 
over channel lengths of the order of 10-100 m). 
Computational limitations therefore mean that 
the spatial (and temporal) scale of the authors’ 
observations are too small to be incorporated 
into current models that calculate incision over 
the timescales associated with bedrock-canyon 
formation. Nevertheless, this glimpse into flow 
through bedrock canyons will spur many ideas 
about how the processes of bedrock incision 
are affected by often-overlooked water-flow 
patterns, and will certainly be relevant for 
models of water flow that operate on much 
shorter timescales, such as days or months. = 
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Ribosome revelations 


Proteins are synthesized in cells by the ribosome apparatus. A report of 
16 yeast ribosome structures, each bound by a different inhibitor, broadens our 
understanding of how drugs affect ribosome activity. SEE ARTICLE P.517 


NELSON B. OLIVIER 


he ribosome is the cellular machinery 

responsible for translating specific 

genetic codes into proteins by linking 
amino acids together, one by one. There are 
three types of ribosome: 70S, from prokaryotes 
(organisms whose cells do not have a nucleus, 
such as bacteria); 80S, from the cytoplasm of 
eukaryotes (organisms with nucleus-bearing 
cells, including fungi, plants and animals); 
and 55S, found in most eukaryotic mitochon- 
dria (the power plants of cells). On page 517 of 
this issue, Garreau de Loubresse et al.’ report 
16 X-ray crystal structures of the 80S ribosome 
from the yeast Saccharomyces cerevisiae. Each 
structure reveals the binding mode for a distinct 
compound known to inhibit or modulate the 
protein-translation function of the ribosome. 
The authors’ analysis provides a rationale 
for how most of these compounds exert 
their effects, and allows a comparison with 
analogous, previously reported structures of 
prokaryotic ribosomes. 

Much like a precisely operating watch, the 
ribosome is a conglomerate of many parts, all 
of which are necessary for efficient function. It 
forms by the reversible association of a small 
and a large subunit. Two key regions are targets 
for clinically used antimicrobial agents and for 
compounds that ameliorate the symptoms of 
genetic diseases: the peptidy] transferase centre 


Large 
subunit 


tunnel 


in the large subunit and the decoding centre in 
the small subunit. The chemistry conducted 
by the ribosome takes place in these centres. 
Garreau de Loubresse and colleagues find that 
the binding site of each compound in their 
structures is either within, or on the periphery 
of, the peptidy] transferase centre or the decod- 
ing centre (Fig. 1). 

Visualizing the three-dimensional positions 
of a compound interacting with its biologi- 
cal target is crucial for understanding the 
nature of the interactions and improving the 
compound's therapeutic value. Over the past 
decade, crystal structures of the 70S ribo- 
some and its isolated subunits have been the 
most successful platform for studying com- 
pound-ribosome interactions at atomic reso- 
lution’’. Through a combination of Garreau 
de Loubresse and co-workers’ biophysical and 
biochemical experiments, we now have direct 
evidence for which surfaces in the chemical- 
activity centres of the eukaryotic 80S ribo- 
some support the binding of compounds that 
affect protein translation. This evidence can be 
used in combination with previous advances*”, 
and in parallel with further experimentation, 
to help design effective, non-toxic compounds 
for treating a variety of medical conditions, 
such as cystic fibrosis, tumour metastasis and 
severe haemophilia. 

Perhaps the most interesting and revealing 
of Garreau de Loubresse and co-workers results 


Aminoacyl site 
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Figure 1 | Binding sites of protein-translation inhibitors in the yeast ribosome. Garreau de Loubresse 

et al.' report 16 crystal structures of the yeast ribosome, each in complex with a different inhibitor of protein 
translation. The binding sites of these inhibitors (indicated by stars) span key regions associated with 
protein translation: the peptidyl site and the aminoacy] site (the binding sites of transfer RNA in the peptidyl 
transferase centre), and the tRNA exit site, all of which are in the large subunit; and the decoding centre and 
the messenger RNA tunnel of the small subunit. Colours of stars represent different classes of inhibitor. 
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are those that focus on compounds that counter 
tumour proliferation in vitro: the glutarimide 
compounds cycloheximide and lactimido- 
mycin. Both of these inhibit protein synthesis by 
the 80S ribosome, but not by the 70S ribosome. 
The researchers’ crystal structures identify the 
binding site for each compound at the exit of the 
peptidyl transferase centre. Comparisons with 
data for 70S structures’ show that the prokary- 
otic ribosome has components that occlude the 
glutarimide binding pocket, explaining these 
compounds selectivity. 

The authors’ biochemical data also help to 
rationalize the different effects of each com- 
pound. Cycloheximide binds its ribosome 
pocket at any time during translation and 
blocks the exit of ribosome substrates from 
the peptidyl transferase centre. But the rate at 
which lactimidomycin binds its binding pocket 
is much lower than that of the substrates — so 
it cannot be accommodated in the ribosome 
during protein translation, but can bind and 
block the process before it starts. Because lac- 
timidomycin is larger than cycloheximide, 
the authors propose that its binding is slower 
because of the extra effort needed to accom- 
modate its greater bulk. In other words, when 
comparing the mechanism of action of the two 
compounds, size really does matter! 

The inhibitor-bound structures reported by 


Garreau de Loubresse and colleagues are by 
no means the end of the road to understand- 
ing the selectivity and mechanism of action 
of drugs that target ribosomes. For example, 
because these structures lack both messenger 
RNA and transfer RNA, it remains to be seen 
how compounds such as edeine and crypto- 
pleurine — which inhibit ribosome activity by 
interacting with mRNA and/or tRNA — affect 
protein translation at the ribosome. 

As techniques for studying the ribosome 
improve, there will undoubtedly be quan- 
tum leaps in our understanding of how these 
machines work and in our ability to modulate 
their activity. Indeed, such a breakthrough® 
was made earlier this year when cryoelectron 
microscopy (cryoEM) was used to visualize 
the 80S ribosome from the malaria-causing 
protozoan Plasmodium falciparum bound to 
the translation inhibitor emetine, at a resolu- 
tion of 3.2 angstréms. This demonstrated that 
cryoEM can achieve sufficiently high resolu- 
tion to distinguish the details of electrostatic- 
bond formation between ribosomes and 
bound compounds. Unlike X-ray crystallo- 
graphy, cryoEM does not need crystals’, so the 
ability to use cryoEM removes a major hurdle 
to structural studies of ribosomes. 

In the meantime, by successfully clearing 
this hurdle, Garreau de Loubresse et al. have 
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delivered groundbreaking data at atomic 
resolution that should further our understand- 
ing of how a diverse set of compounds affects 
the function of the 80s ribosome. It will be 
interesting to see which technique — X-ray 
crystallography or cryoEM — delivers the first 
55S ribosome structure in the presence of an 
inhibitor. = 
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Leaping lizards 


Loss of biodiversity is a hallmark of the 
human-dominated era, but our influence 
can also alter the processes that generate 
biodiversity. On page 543 of this issue, 
Helmus et a/. study human-assisted 
movement of lizards around Caribbean 
islands, and show that a major geographic 
parameter of a classic theory of biodiversity 
has been replaced by an economic one 
(M. R. Helmus, D. L. Mahler and J. B. Losos 
Nature 513, 543-546; 2014). 

The theory of island biogeography predicts 
that biodiversity is greatest on large and 
less-isolated islands (or other discrete habitat 
fragments), but the underlying processes of 
speciation and long-distance colonization are 
usually too slow for the theory to be tested 
directly. 

The shipping trade has speeded things 
up for anole lizards in the Caribbean, 
transporting them around the islands as 
stowaways (pictured: Anolis equestris). The 
authors find that the resulting diversity of 
Anolis species fits theoretical predictions 
about island size, but that economic isolation 
—such as occurred on Cuba during the cold 
war — has overtaken geographic isolation as 
the other key factor. Patrick Goymer 


EXTRASOLAR PLANETS 


Window on 


a watery world 


The first definitive signs of water have been seen in the atmosphere ofa 
Neptune-sized exoplanet, paving the way towards the search for water on 
smaller Earth-like planets. SEE LETTER P.526 


ELIZA M. R. KEMPTON 


he molecules that make up the atmos- 
“Tite of Neptune-sized exoplanets 

have remained elusive. Despite a pro- 
tracted search for the atmospheric constituents 
of such planets using impressive instrumenta- 
tion on world-class telescopes, observations 
have revealed only thick layers of clouds, haze 
or dust, which block astronomers’ prying eyes 
and prevent a view of the world below’ *. On 
page 526 of this issue, Fraine et al.° now report 
observations of the Neptune-sized planet 
HAT-P-11b using the Hubble and Spitzer 
space telescopes that reveal a world without 
thick clouds and provide a clear confirmation 
that water vapour, along with copious amounts 
of hydrogen, is present in the atmosphere of 
this planet. 

It should not be surprising that clouds are 
prevalent in the atmospheres of many exo- 
planets. In our own Solar System, clouds are 
practically ubiquitous. From Earth’s puffy 
water-vapour clouds, to the hydrocarbon 
haze of Saturn’s largest moon, to Jupiter’s 
stratified clouds of ammonia compounds and 
water, clouds dominate the skies of most large 
Solar System bodies. These clouds, although 
interesting in their own right, are not always 
an astronomer’s friend. It is easy to see why. 
A layer of clouds acts as a thick blanket, 
obscuring the deeper regions of a planet’s 
atmosphere (and the planetary surface, if one 
exists). Despite being our neighbouring planet, 
almost nothing was known of Venus’s surface 
until the 1970s for this very reason. The planet 
is enshrouded in clouds of noxious sulphuric 
acid, which prevented a view of its surface until 
the Soviet Venera landers were finally able to 
physically penetrate the clouds and transmit 
pictures back to Earth’. 

The same problem exists for the study of 
exoplanets, but sending a lander to these dis- 
tant worlds is not an option. To determine the 
gaseous composition of an exoplanet atmos- 
phere, astronomers rely on spectroscopic 
studies and the fact that different gases absorb 
light at specific wavelengths. If clouds obscure 
the deeper regions of a planet’s atmosphere, 
then no absorption will be seen, and the com- 
position of the atmosphere cannot be readily 
determined (Fig. 1). Already, four exoplanets 


of Neptune size or smaller, observed when 
passing in front of their host stars, have shown 
no absorption features’ “, and clouds are a 
likely culprit. But when Fraine et al. observed 
a fifth such planet, HAT-P-11b, they hit on 
something markedly different. The observa- 
tions of HAT-P-11b reveal the crystal-clear 
signature of water-vapour absorption. From 
the strength of the absorption, the authors 
conclude that the planet’s atmosphere has a 
composition not dissimilar to those of the 
giant planets of our Solar System — mostly 
hydrogen, with trace amounts of heavier atoms, 
including oxygen in the form of water vapour. 

The instrument that Fraine and colleagues 
used to unambiguously detect water vapour 
in the atmosphere of HAT-P-11b — the Wide 
Field Camera 3 (WFC3) on the Hubble Space 
Telescope — was commissioned in 2009 during 
the final servicing of the telescope. The device 
produced stunningly high-precision meas- 
urements and is providing astronomers with 
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a glimpse of what data might look like from 
next-generation space observatories. Searching 
for water-vapour absorption in the atmosphere 
of an exoplanet passing in front if its host star is 
akin to looking for a tiny insect passing in front 
of a bright coastal lighthouse lamp. To detect 
the minute signatures of molecular absorption, 
the WFC3 provides exceptional instrumental 
stability so as not to introduce spurious noise 
that could mask the signs of water vapour in 
an exoplanet’s atmosphere. In 2018, NASA is 
due to launch the James Webb Space Telescope, 
which will carry instruments with sensitivity 
similar to that of the WFC3. The advantage of 
this new observatory is that the telescope itself 
will have a larger mirror than Hubble’, allow- 
ing it to detect even fainter signals than those 
detected by Fraine and colleagues. As a result, 
the telescope will be able to observe molecu- 
lar absorption in the atmospheres of planets 
smaller than Neptune, but only if these planets 
do not have clouds. 

The successful detection of water vapour 
in HAT-P-11bs atmosphere allows exoplanet 
researchers to breathe a sigh of relief. The find- 
ing that some of the smaller exoplanets do 
not have thick clouds bodes well for observa- 
tions with the James Webb Space Telescope. 
However, there is still more work to be done 
in identifying suitable targets for these future 
observations. It has long been expected that 
water vapour should be present in the atmos- 
pheres of planets such as HAT-P-11b — those 
of Neptune size whose orbits carry them close 
to their host stars. But after multiple failed 
attempts to observe molecular absorption in 


Intensity 


Wavelength 


| 
Absorption features 


Figure 1 | Concealing clouds. a, An exoplanetary atmosphere with clouds blocks the transmission of 
starlight, producing a flat transmission spectrum with no features. b, A clear atmosphere with no clouds 
allows starlight to penetrate deeper into the atmosphere, where molecules such as water absorb light. The 
resulting transmission spectrum has absorption spectral features, which enable astronomers to infer the 
molecular composition of the atmosphere. This was the case for Fraine and colleagues’ observations’ of 
exoplanet HAT-P-11b, which has water-absorption features. 
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the atmospheres of other similar planets, the 
surprise of Fraine and colleagues results is that 
the atmosphere of HAT-P-11b is sufficiently 
devoid of clouds to allow the detection of water 
vapour. 

Now that this planet has been shown to be 
free of clouds, despite their prevalence in the 
atmospheres of other similar planets, some 
questions arise. What fraction of Neptune- 
sized exoplanets has clouds? For the planets 
that do have clouds, what specific physical 


DISEASE MODELS 


processes are responsible for their formation? 
Understanding the answers to these questions 
will allow astronomers to better identify plan- 
ets unmarred by clouds. By first pinpointing 
and studying those planets that provide a clear 
window into their atmospheres, researchers 
will ultimately be able to extend the search 
for water and other molecules to smaller 
planets — perhaps even Earth-sized plan- 
ets — with the James Webb Space Telescope 
and beyond. = 


Statins give bone 


growth a boost 


The development of stem-cell-based models of two diseases that cause dwarfism 
reveals that statins — drugs that are used to treat high levels of blood cholesterol 
— may also promote cartilage formation and bone growth. SEE ARTICLE P.507 


BJORN R. OLSEN 


any medical conditions can cause 
short stature, but a faulty gene 
encoding the protein FGFR3 is 


responsible for two-thirds of all forms of 
dwarfism in humans. FGFR3 normally con- 
trols a brake signal in the molecular machin- 
ery that regulates the growth of limb bones 
during childhood and adolescence. In 1 in 
every 10,000-30,000 births, genetic muta- 
tions cause FGFR3 to become overactive and 
so brake too hard. Although our understand- 
ing of the cellular processes that go awry in 
dwarfism is good, development of treatments 
has been hampered by a lack of efficient meth- 
ods for screening and testing potential drugs. 
In this issue, Yamashita et al.' (page 507) report 
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a major step forward in solving this problem, 
establishing a human-disease-based system 
for screening potential drugs to treat skeletal- 
growth defects. 

In humans, the most common FGFR3 
mutation results in achondroplasia, a disor- 
der that causes short extremities, increased 
curvature of the spine and distortion of skull 
growth, resulting in substantial health prob- 
lems”. More-severe mutations in FGFR3 can 
cause thanatophoric dysplasia, in which a 
small chest, and respiratory problems, may 
cause death either at or shortly after birth’. In 
both dysplasias, skeletal defects are caused by 
decreased proliferation and impaired matu- 
ration of cartilage-forming cells called chon- 
drocytes within growing regions of bone’. It 
has not previously been possible to obtain 
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chondrocytes from patients, but Yamashita 
and colleagues took advantage of improved 
cell-reprogramming techniques’ to do just 
that. 

The authors isolated skin cells from three 
individuals with thanatophoric dysplasia and 
converted the cells to induced pluripotent 
stem cells, which can give rise to any cell type 
in the body. Next, Yamashita and co-workers 
stimulated the stem cells to become chondro- 
cytes, which had the same genetic make-up as 
the original patients. They then took advan- 
tage of the chondrocytes’ ability to aggregate 
into cartilage-forming particles® to generate 
a system for analysing particles formed by 
thanatophoric dysplasia chondrocytes and by 
controls without the FGFR3 mutation. The 
authors compared the particles’ similarities 
and differences as the different cells grew and 
matured over several weeks in culture (Fig. 1). 

A major difference was that, compared to 
controls, thanatophoric dysplasia particles 
exhibited impaired maturation associated 
with degradation of cartilage. Remarkably, 
reducing FGFR3 levels or adding antibodies 
to block FGFR3 activity in dysplasia cultures 
restored growth and maturation of the 
cartilage-forming particles to normal levels. 
Yamashita and co-workers used their culture 
system to assay several molecules that affect 
either the response of cells to FGFR3 signals or 
the formation of chondrocytes from stem cells, 
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Figure 1 | A cell-based model of impaired bone growth. Yamashita et al.’ 
isolated skin cells from people with thanatophoric dysplasia and from people 
with normal bone growth, and reprogrammed them to become induced 
pluripotent stem cells (iPS cells), which can give rise to every cell type of 

the body. They then added factors that caused the cells to differentiate into 
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cartilage-forming cells called chondrocytes. Chondrocytes derived from 
controls produced normal cartilage-forming particles, but the particles formed 
from dysplasia-derived chondrocytes showed impaired growth and maturation. 
However, normal particle formation was restored when the drug lovastatin was 
added to the culture dish, highlighting a possible treatment for this disease. 
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to determine which could promote cartilage 
development in dysplastic cells. Molecules that 
had positive effects included C-type natriuretic 
peptide (CNP) and several statins, including 
lovastatin and rosuvastatin. 

CNP has a positive effect on bone formation 
and growth’, and its overexpression in chon- 
drocytes counteracts dwarfism in a mouse 
model of achondroplasia’. Asa result, CNP 
has been pursued as a potential achondroplasia 
treatment, although it is not an ideal candidate. 
A major obstacle is that the peptide, which 
must be injected, is degraded within minutes 
of being administered. A more stable version 
is effective in mouse models of achondro- 
plasia and is currently in clinical trials, but 
still requires daily injections®. In addition, 
the effects of CNP on the cardiovascular sys- 
tem and the central nervous system raise the 
possibility of undesirable side effects if the 
drug is used long-term in children. 

Statins — cholesterol-lowering drugs that 
are available in tablet form — provide an 
interesting alternative. Their safety has been 
evaluated in children with inherited high 
cholesterol’, and evidence’ suggests that 
early statin treatment improves the chances of 
children with this condition reaching the age 
of 30 without having a heart attack. In addi- 
tion to their cholesterol-related properties, 
the drugs stimulate production of chondro- 
cyte molecules that make up the structure of 
cartilage'!, and repress production of cartilage- 
degrading enzymes”. Ina series of compel- 
ling experiments, Yamashita et al. demon- 
strated that lovastatin stimulates production 
of cartilage components in thanatophoric dys- 
plasia chondrocytes, and promotes the forma- 
tion of chondrocytes from stem cells. It also 
restores cartilage formation by chondrocytes 
derived from people with achondroplasia. 
Finally, the authors showed that injecting 
rosuvastatin into mice with an achondroplasia- 
causing defect in FGFR3 partially restored 
bone growth in the limbs and head. 

What are the mechanisms underlying these 
striking effects? Yamashita and colleagues’ 
study does not provide the full answer. How- 
ever, the authors do find that high levels of 
FGFR3 protein, but not messenger RNA, are 
reduced to normal levels when lovastatin is 
added to cultures of particles derived from 
people with either form of dysplasia. This 
suggests that statins stimulate degradation of 
FGFR3. Cellular protein-degradation machines 
called proteasomes might be involved, because 
adding a proteasome inhibitor to lovastatin- 
containing cultures increased levels of FGFR3. 
The researchers speculate that this is related 
to the ability of statins to lower cholesterol 
in cells, and to destabilize cell membranes so 
that FGFR3 (which spans the membrane) is 
more easily internalized and degraded, but this 
remains to be determined. 

If the ability of statins to restore cartilage- 
particle growth is found to be independent of 


their cholesterol-lowering properties, it may 
be possible to modify the drugs such that these 
two effects are separated. However, if the carti- 
lage-promoting effect of statins is a direct con- 
sequence of a decrease in cholesterol, extreme 
care is needed before using the drugs to treat 
children with achondroplasia. It will be cru- 
cial to ensure that cholesterol levels in these 
children are maintained at reasonable levels. 

Between the ages of 25 and 35, mortality 
related to heart disease is more than 10 times 
higher in people with achondroplasia than in 
the general population’*"*. The reasons for this 
are not understood, and limited data suggest 
that serum cholesterol levels in children with 
achondroplasia are in the high normal range”. 
Whether statin treatment would help to reduce 
this mortality is therefore unclear. 

In summary, Yamashita et al. have 
established a disease model of achondroplasia 
and related dysplasias based on pluripotent 
stem cells. The results of the study raise the 
possibility that statins might be effective in 
treating children with these disorders. Further- 
more, the authors’ system allows screening of 
additional compounds in the search for even 
safer drugs. m 
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How calcium affects 
oxygen formation 


Calcium is an essential component of the catalyst that forms oxygen from water 
during photosynthesis. It seems that part of calcium’s job is to enable the release 


of oxygen from this catalyst. 


DAVIDE LIONETTI & THEODOR AGAPIE 


he mechanism of oxygen production 
in photosynthesis remains unresolved, 
despite many studies. The presence of 
a calcium ion in the inorganic active site of the 
complex that produces oxygen is particularly 
puzzling, because the reaction is a redox pro- 
cess involving the transfer of multiple electrons, 
whereas calcium is redox-inactive (it cannot 
transfer electrons under biological conditions). 
Writing in Nature Chemistry, Bang et al.’ pro- 
vide insight into the ion’s possible role. They 
report that, under oxidative conditions, oxygen 
molecules can be released from iron peroxide 
complexes — which can be thought of as sim- 
plified models of the active site — in the pres- 
ence of calcium ions, but not in the presence 
of other metal ions that are better Lewis acids 
(electron-pair acceptors) than calcium. 
Oxygenic photosynthesis, the process by 
which plants convert carbon dioxide to organic 
matter using solar energy, has generated 


most of the oxygen (O, molecules) in the 
atmosphere, enabling life on Earth as we 
know it. Oxygen forms when water is oxi- 
dized, a complex chemical reaction involving 
the transfer of four electrons and four protons 
(H* ions; Fig. 1a). The reaction is catalysed by 
the oxygen-evolving complex (OEC) — an 
inorganic cluster of four manganese ions and 
one calcium ion bridged by oxide ligands’, 
buried in a photosynthetic protein complex 
known as photosystem II (PSII). The mecha- 
nism of water oxidation is debated, particularly 
the role of calcium and the site at which the 
oxygen-oxygen (O-O) bond of the dioxygen 
molecule forms. Further insight might allow 
the rational design of effective catalysts for 
artificial photosynthesis’. 

Chemists often synthesize small molecular 
complexes that display structural motifs 
similar to enzyme active sites and use them 
as models that can be systematically inves- 
tigated. This approach has been challenging 
for the OEC because the cluster is structurally 
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2H,0 —> 0, + 4H* + 4e 


Figure 1 | Oxygen release from iron peroxide complexes. a, In the 
oxygen-evolving complex (OEC) of the photosynthetic apparatus, water 
is oxidized to produce oxygen — a reaction involving the transfer of four 
electrons (e") and four protons (H*). The OEC contains four redox-active 
manganese ions and one calcium ion’, which is redox-inactive under 
biological conditions. Oxygen atoms are shown in red. b, Bang et al.’ 
prepared complexes that model the OEC in the final step of water 
oxidation. In these complexes, a redox-active iron atom (green) is bound 


complex and contains two types of metal. For 
their models, Bang et al. targeted complexes 
that contain one redox-active metal (iron) and 
one redox-inactive metal. 

The authors focused on a step of 
water-oxidation chemistry that occurs after 
O-O bond formation, hypothesizing that it 
relates to the role of calcium in the OEC: the 
formation of oxygen from a peroxide moiety 
(O;): They added solutions of redox-inactive 
metal ions to a redox-active iron peroxide 
species, Fe-(O,” ), and obtained complexes 
containing the Fe-(O,”-)-M motif (Fe is iron; 
M can be ions of calcium, strontium, zinc, 
lutetium, yttrium or scandium). This series 
of compounds conceptually mimics a puta- 
tive peroxide complex from the OEC, which 
allowed the authors to systematically compare 
the effects of the redox-inactive metals on the 
properties of these compounds (Fig. 1b, c). 
The models are structurally different from the 
OEC because they have one iron rather than 
four manganese ions. However, they distil the 
effect of redox-inactive metals on the peroxide 
moiety into a simple combination of two metal 
ions that is easier to interrogate than the OEC. 

Using electrochemical analysis, Bang et al. 
showed that the redox-inactive metals have a 
significant effect on electron transfer to and 
from the complexes. The propensity of the 
complexes to be chemically reduced (that is, 
to accept an electron) increases with the Lewis 
acidity of the M ion. Conversely, the ease with 
which the complexes are oxidized (an elec- 
tron is removed) shows the opposite trend: 
the researchers observed an oxidation event 
in the presence of calcium or strontium ions, 
or in the absence ofa redox-inactive metal, but 
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not when the M ion was a stronger Lewis acid 
(zinc, lutetium, yttrium or scandium). Similar 
effects have been invoked previously to unravel 
the role of calcium ions in the OEC, in studies 
of complexes containing oxo (O*) or hydroxo 
(HO) motifs instead of peroxide moieties*”, 
but this is the first detailed study ofa series of 
peroxide species in this context’. 

So what does this mean for oxygen release 
from the complex? In agreement with the 
electrochemical results, Bang and colleagues 
observed that the complexes incorporating 
zinc, lutetium, yttrium or scandium ions did 
not react with a chemical oxidant (ceric ammo- 
nium nitrate), so no oxygen was produced. By 
contrast, treatment with the same oxidant 
led to oxygen release from the calcium and 
strontium complexes, and from Fe-(O,”) that 
was not bound to a redox-inactive metal ion. 

The effects of calcium and strontium ions 
are of particular interest because they are 
biologically relevant: calcium is the native 
component of the OEC, and strontium is the 
only metal that can replace calcium and still 
generate a functional catalyst. Notably, the 
authors’ calcium and strontium complexes not 
only have similar electrochemical properties, 
but also allow oxygen production from perox- 
ide. The parallels between the biological and 
synthetic systems suggest that the study’s con- 
clusions may extend to the OEC — although 
the more complicated structure of the OEC 
and the different metals within it will affect the 
interactions with, and the chemical reactivity 
of, the peroxide moiety. 

Do the findings reveal the mechanism of 
water oxidation? Not completely, but they shed 
light on the terminal step of the process. The 
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toa TMC ligand (1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, 
shown in grey and blue) and a peroxide moiety (red), which binds a redox- 
inactive metal ion (M"’). The charge on the complex is n+1. The ease with 
which the complexes can be reduced correlates with the Lewis acidity of the 
metals. Only the complexes that contained strontium ions (Sr”’) or calcium 
ions (Ca”*), or which lacked a redox-inactive metal, could be oxidized. 

c, When treated with an oxidant, only the oxidizable complexes reacted to 


observation that the iron peroxide compound 
can be oxidized to generate oxygen molecules 
in the absence of any redox-inactive metal 
implies that the role of calcium ions in PSII 
cannot be to promote oxygen release alone. As 
the authors assert, the crucial point is that the 
calcium ion does not hinder oxygen release, 
whereas metals that are stronger Lewis acids 
do. The most elusive step in the water oxida- 
tion reaction, the formation of the O-O bond, 
remains a challenging but key target for future 
studies. Bang and colleagues’ work nonetheless 
provides an insightful contribution to the 
debate about the role of calcium ions in PSII. m 
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PLANT SCIENCE 


Towards turbocharged 
photosynthesis 


The development of tobacco plants that are genetically engineered to produce a 
more efficient form of Rubisco, an enzyme involved in photosynthesis, marks 
a step towards increasing crop yields. SEE LETTER P.547 


G. DEAN PRICE & SUSAN M. HOWITT 


s the world’s population increases, 
A« spectre of severe food shortages 
is growing, with the United Nations 
predicting’ that food production will need 
to double by 2050. It has been proposed that 
cyanobacteria — which obtain their energy 
from a highly efficient form of photosynthesis 
— might hold the key to increasing the yield of 
our most important crops and vegetables. On 
page 547 of this issue, Lin et al.’ report a major 
step towards realizing this possibility, finding 
that cyanobacteria can be used to improve 
photosynthesis in the leaves of crops. 
Photosynthesis harnesses sunlight to 
convert carbon dioxide into simple sugars. 
Rubisco, the key enzyme for CO, fixation into 
sugar, is inefficient because it cannot easily 
discriminate between oxygen and CO, and 
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so wastes energy by fixing O,. The enzyme 
evolved at a time when O, levels in the atmos- 
phere were much lower than they are today, 
and there was therefore little evolutionary 
pressure to select for an ability to discriminate 
between the two molecules. Photosynthetic 
organisms have evolved to circumvent the 
problem of rising atmospheric O, levels in two 
ways: first, by making more of a slower-acting 
version of Rubisco with an improved ability 
to discriminate; or second, by using various 
‘add-ons, called CO,-concentrating mecha- 
nisms (CCMs), to elevate CO, levels in the 
vicinity of the enzyme. 

Most crops have adopted the first strategy, 
making Rubisco possibly the most abundant 
enzyme on Earth. This approach, however, 
results in a 30% reduction in photosyn- 
thetic efficiency through the associated O, 
fixation. That can be partly ameliorated 
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Figure 1 | A proposed method for improving photosynthesis in crops. a, In cyanobacteria, a carbon 
dioxide-concentrating mechanism (CCM) ensures that photosynthesis is effective (the energy for 
photosynthesis is provided through light harvesting by structures called pigmented thylakoids). The CCM 
includes pumps that take up CO, and bicarbonate (HCO, ) molecules; the CO, pump also converts CO, 

to HCO, , which then enters microstructures called carboxysomes. Here, HCO, is converted to CO, 

by the enzyme carbonic anhydrase (CA), elevating CO, concentrations around the Rubisco enzyme to 
increase the efficiency with which it converts CO, into sugars. b, Transfer of cyanobacterial carboxysomes 
or CCM pumps into plant cells has been posited as a way to improve crop yields. Lin et al.’ took us a step 
closer to achieving this aim by replacing Rubisco in the chloroplasts of tobacco plants with a more efficient, 
cyanobacterial form of the enzyme. In the plant-cell cytoplasm, CA can also convert CO, to HCO, . 
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50 Years Ago 


The capacity exhibited by all 
organisms to develop tolerance 

for new environmental conditions 
has been an important factor in 

the continuing existence of life on 
Earth. It has also had adverse effects 
on some creatures. To man, one of 
the most disturbing of these effects 
is being manifested through the 
resistance certain microbes develop 
for the ‘wonder’ drugs he uses to 
counteract microbial diseases. The 
peculiar capacity of pathogenic 
micro-organisms to develop strains 
which are resistant to drugs which 
on initial application are lethal to 
most individuals — and eventually 
to thrive on those drugs — did not 
come into clear focus until Paul 
Ehrlich et al. made their famous 
chemotherapeutic researches during 
the first decade of this century. 
From Nature 26 September 1964 


100 Years Ago 


The council of the Senate of the 
University of Cambridge has offered 
to professors, teachers, and students 
of the University of Louvain such 
facilities in the way of access to 
libraries, laboratories, and lectures, 
together with the use of lecture- 
rooms, as may secure the continuity 
of the work of that University during 
the present crisis. Hospitality in the 
way of living accommodation and 
so forth will probably be offered 

by the individual colleges and by 
private residents. The professors 

of the University of Oxford have 
offered a home for the winter to the 
young children of the professors 

of the University of Louvain; and 
the academic staff of University 
College (University of London) 
offers hospitality to about seventy 
members of French and Belgian 
universities, whether professors, 
teachers, or students, men or 
women, who may find it necessary 
to take refuge in this country. 

From Nature 24 September 1914 
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by raising CO, levels around the leaf’ in a 
manner conceptually similar to adding a 
CCM. There is currently increased focus on 
the second strategy — ifa CCM could be intro- 
duced into crops, it might turbocharge photo- 
synthetic CO, fixation. CCMs have evolved 
independently in cyanobacteria, microalgae 
and some plants (mostly those regarded by us 
as weeds). Although several types of CCM are 
being considered for introduction into crops, 
Lin and colleagues’ work focuses on the cyano- 
bacterial CCM. 

This CCM involves a series of membrane- 
based pumps for CO, and bicarbonate 
(HCO, ), and special microcompartments 
called carboxysomes, which contain Rubisco’. 
HCO, is pumped into the cell, then converted 
to CO, in the carboxysomes by the enzyme 
carbonic anhydrase (Fig. 1). The resulting high 
local CO, concentrations increase Rubisco 
efficiency, and so almost eliminate O, fixation’. 
Furthermore, thanks to the CCM, cyanobac- 
teria have retained an ancient form of Rubisco 
that is almost three times as efficient as that 
found in most crops’. 

Lin et al. engineered tobacco plants to 
express a functional cyanobacterial form of 
Rubisco. This enzyme usually consists of a 
complex of eight large subunits and five to 
eight small subunits. The authors replaced 
DNA that encodes the large subunit of Rubisco 
in the tobacco plant with that encoding the 
cyanobacterial enzyme, ensuring that the 
photosynthesis and growth they observed 
occurred as a result of the introduced Rubisco, 
rather than the native version. This DNA is 
located in the cells’ photosynthesizing 
factories, structures called chloroplasts. 

Lin and colleagues’ approach differs from 
those of earlier, unsuccessful efforts® in 
several ways; most notably, the authors co- 
expressed the cyanobacterial Rubisco with 
proteins that are involved in the enzyme’s 
assembly. They found that co-expression of 
cyanobacterial Rubisco with either the RbcX 
chaperone protein (which helps protein fold- 
ing) or acarboxysomal protein called CemM35 
(a Rubisco-organizing protein) were equally 
effective at forming functional Rubisco. 
However, the latter approach produced large 
complexes of Rubisco, which seemed to be 
related to those that form during the assembly of 
pre-carboxysomes in cyanobacteria. This is 
because CcmM35 mimics three of Rubisco’s 
small subunits and so is incorporated into 
Rubisco. But the protein also crosslinks to 
other Rubisco complexes, producing enzyme 
aggregates’. 

The authors did not demonstrate whether 
the addition of CcmM35 or RbcX was the 
pivotal step in successfully expressing 
cyanobacterial Rubisco in tobacco, or 
whether other elements of the experimen- 
tal design provided the crucial advantage. 
Earlier this year, the same group showed 
that co-expression of several carboxysomal 


shell proteins in chloroplasts can produce 
structures suggestive of carboxysome self- 
assembly’. Thus, prospects for building 
functional carboxysomes in tobacco-plant 
chloroplasts are now quite good. However, 
extending this to crops would be greatly 
aided by the development of technologies for 
altering the chloroplast genomes of key 
crop species. 

In the past two years, the sequence of events 
required to build a cyanobacterial CCM in 
the chloroplast has been identified in detail*”. 
Stand-alone addition of cyanobacterial Rubisco, 
or even of carboxysomes, to chloroplasts pro- 
vides no obvious advantage. In fact, Lin et al. 
show that their modified plants survive only at 
high CO, concentrations. To provide an advan- 
tage, both CO, and HCO, pumpsare required, 
to elevate HCO, levels in the chloroplast and 
so turbocharge CO, levels in the carboxysomes. 
And even when these remaining steps have 
been achieved in model plants such as tobacco, 
improved crops are still some way off. How- 
ever, this work is a milestone on the road to 
boosting plant efficiency. The advance can be 


NETWORK BIOLOGY 


likened to having a new engine block in place 
in a high-performance car engine — now we 
just need the turbocharger fitted and tuned. = 


G. Dean Price and Susan M. Howitt are in 
the Research School of Biology, Australian 
National University, Canberra, ACT 0200, 
Australia. 

e-mails: dean.price@anu.edu.au; 

susan. howitt@anu.edu.au 


1. www.un.org/News/Press/docs/2009/gaef3242. 
doc.htm 
2. Lin, M. T., Occhialini, A., Andralojc, P. J., Parry, M. A. J. 
& Hanson, M. R. Nature 513, 547-550 (2014). 
3. Long, S. P, Zhu, X.-G., Naidu, S. L. & Ort, D. R. 
Plant Cell Environ. 29, 315-330 (2006). 
4. Rae, B. D., Long, B. M., Badger, M. R. & Price, G. D. 
Microbiol. Mol. Biol. Rev. 77, 357-379 (2013). 
5. Tcherkez, G. G. B., Farquhar, G. D. & Andrews, T. J. 
Proc. Natl Acad. Sci. USA 103, 7246-7251 (2006). 
6. Kanevski, |., Maliga, P., Rhoades, D. F. & Gutteridge, S. 
Plant Physiol. 119, 133-141 (1999). 
. Lin, M.T. et al. Plant J. 79, 1-12 (2014). 
. Price, G. D. et al. J. Exp. Bot. 64, 753-768 (2013). 
. McGrath, J. M. & Long, S. P. Plant Physiol. 164, 
2247-2261 (2014). 


WON 


This article was published online on 17 September 2014. 


A compass for stem-cell 
differentiation 


The development of CellNet — network-biology software that determines how 
cell types generated in vitro relate to their naturally occurring counterparts — 
could improve our ability to produce desirable cells in culture. 


FRANZ-JOSEF MULLER & JEANNE F. LORING 


ver the past few years, websites such as 
Facebook and Google have attained an 
uncanny ability to understand us and 
to predict our behaviour, even before we have 
consciously decided what to do. This predic- 
tive power is achieved through the systematic 
application of statistical ‘inference algorithms 
to the vast numbers of connections and links 
that users establish when browsing the Inter- 
net — making up a ‘social graph’ that can be 
exploited to characterize distinct groups of 
Internet users. It would be wonderful to have 
such a graph to characterize distinct groups 
of cells. This could then be used in regenera- 
tive medicine to overcome the challenge of 
coercing stem cells to become the cell type 
needed for a particular therapy. Writing in 
Cell, Cahan et al.' and Morris et al.’ describe a 
network-biology platform, CellNet, that takes 
a first step in this direction. 
The most popular representation of the 
differentiation of cells from immature precur- 
sors to mature cell types was, for many years, 
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the ‘epigenetic landscape’ diagram conceived 
by the biologist Conrad Hal Waddington*’. 
This diagram evokes a set of one-way paths 
down which immature cells roll along defined 
routes to more-differentiated cellular states. 
But over the past decade, this simple model has 
morphed into the concept of a multidirectional 
cell-identity transfer hub. 

In 2007, Yamanaka and colleagues” repro- 
grammed ordinary human skin cells called 
dermal fibroblasts into induced pluripotent 
stem (iPS) cells using transcription factors 
that are highly expressed in embryonic stem 
(ES) cells, an equivalent cell type that is derived 
from early embryos. Both iPS cells and ES cells 
are pluripotent — they can, given the correct 
molecular cues, differentiate into almost any 
cell in the body, forming any one of hundreds 
of different cell types. Each of these mature cell 
types is characterized by distinct networks of 
highly expressed transcription factors, which 
regulate the expression of large sets of genes. 
Researchers have used transcription-factor 
cocktails specific to cell types of interest to 
try to directly convert one cell type, such as a 


Global transcriptional graph 


Figure 1 | Improving cellular engineering. Two papers’” report the 
development of a network-biology platform called CellNet. a, A simplified 
schematic of the global transcriptional graph generated by CellNet, 

in which each circle represents a gene and each line links genes that are 
co-regulated. CellNet defines gene-regulatory networks — groups of 
highly interconnected and coordinately regulated genes — that are specific 
to distinct cell types. Gene-regulatory networks that are characteristic 


fibroblast, into another, such as a neuron® or a 
liver cell’ (known asa hepatocyte). The abun- 
dance of reports suggests that there are almost 
no limits to the number of possible cellular 
transformations. 

But are these engineered cells genuine copies 
of cells that exist in the body? There are well- 
established gene-expression tools for deter- 
mining whether a stem cell is pluripotent*’. 
But remarkably, given the flurry of research 
into directing stem cells to take on a particular 
identity, or fate, there is no commonly accepted 
way to determine whether a differentiating cell 
is moving towards the right developmental 
destination. Cahan et al. designed the CellNet 
software to give researchers an idea of how 
closely matched a cultured cell type is to its 
presumed counterpart in the body. The pro- 
gram applies a sequence of statistical inference 
algorithms to create a global transcriptional 
graph, which resembles the social graphs used 
by websites such as Facebook (Fig. 1a). 

To construct this transcriptional graph, the 
authors used publicly available gene-expression 
data from tissues and cells, and information 
from genome-wide transcription-factor 
binding studies performed by the ENCODE 
consortium. The CellNet program identifies 
gene-regulatory networks (GRNs) for specific 
cell types in the body, such as neurons and 
hepatocytes. GRNs are groups of genes that 
are coordinately regulated in distinct cell types 
and that are more highly interconnected with 
one another than with other genes. The pro- 
gram then compares these cell-type-specific 
GRNs with those from experimentally derived 
cultured cells to determine how accurately the 
derived cells mimic the ‘real’ cell type (Fig. 1b). 
In addition, CellNet suggests transcription 
factors that could be modulated to shift an 
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being analysed. 


in vitro cell type closer to its in vivo correlate. 

Cahan and colleagues compared two 
strategies for producing mature cell types: 
differentiation from pluripotent stem cells 
and direct conversion from another cell type. 
Testing engineered neurons and hepatocytes, 
CellNet analysis revealed differences between 
the two approaches. Cell types derived from 
pluripotent stem cells were similar to the 
naturally occurring cell types, but directly con- 
verted cells could be abnormal. For example, 
neurons directly converted from fibroblasts 
retained substantial fibroblastic identity and 
expressed GRNs that were characteristic of 
cells from the heart and pancreas. 

How can CellNet improve the quality of 
engineered cells? An inkling of its future util- 
ity comes from Morris and colleagues’ study of 
directly converted hepatocytes, called induced 
hepatocytes (iHeps). A CellNet comparison 
of iHeps and actual hepatocytes revealed that 
iHeps did express GRNs that were characteris- 
tic of hepatocytes, but they also activated illicit, 
developmentally immature transcriptional 
programs. Following up on this observation, 
Morris et al. found that the iHeps would be 
better described as induced endoderm progen- 
itors (iEPs). These endodermal precursors can 
give rise to many cell types that arise from the 
endoderm (an embryonic cell layer), including 
cells of the colon, liver and pancreas. Indeed, 
when the authors used CellNet as a guide to 
modify the transcription-factor cocktail used 
for direct conversion, they generated iEPs that 
could differentiate into mature colon cells 
when transplanted into mice, and could repair 
damaged colons. 

The major limitation of predictive programs 
such as CellNet is a shortage of data. In the 
modern world of ‘big data, more data always 
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of four cell types are indicated by different colours. b, Two examples 

of gene-expression patterns in engineered cells. CellNet compares the 
gene-expression networks of these experimentally derived cells with the 
global transcriptional graph to determine whether the cultured cells resemble 
a naturally occurring cell type (as in the example on the left) or not (right). 
Colourless circles indicate genes that are not expressed in the cell type 


lead to better predictions. Although Google can 
profile hundreds of millions of search users and 
follow their behaviour over several years, the 
CellNet team were limited to published data 
generated from a few thousand genome-wide 
analyses of gene expression. Because of the lack 
of large data sets from human cells and tissues, 
the current version of CellNet is practical only 
for experimental studies of mouse cells. 

The lack of large, high-quality genome-wide 
transcriptional profiles for normal human cell 
types is a major bottleneck in the development 
of stem-cell-based therapies and drug screens. 
We need to learn how to robustly define and 
mechanistically understand the molecular 
coordinates for differentiated cell types before 
we can give human stem cells the directions 
they need to arrive at the right fate. As the 
baseball player Yogi Berra once said, “If you 
don’t know where you're going, you'll wind up 
someplace else” = 
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Asian monsoons in a late Eocene 


greenhouse world 


A. Licht!*?, M. van Cappelle*®, H. A. Abels*®, J.-B. Ladant’, J. Trabucho-Alexandre’®, C. France-Lanord’, Y. Donnadieu’, 
J. Vandenberghe’, T. Rigaudier’, C. Lécuyer!®, D. Terry Jr“, R. Adriaens®, A. Boura!”, Z. Guo’, Aung Naing Soe", J. Quade’®, 


G. Dupont-Nivett!*'>"© & J.-J. Jaeger! 


The strong present-day Asian monsoons are thought to have originated between 25 and 22 million years (Myr) ago, 
driven by Tibetan-Himalayan uplift. However, the existence of older Asian monsoons and their response to enhanced 
greenhouse conditions such as those in the Eocene period (55-34 Myr ago) are unknown because of the paucity of well-dated 
records. Here we show late Eocene climate records revealing marked monsoon-like patterns in rainfall and wind south 
and north of the Tibetan-Himalayan orogen. This is indicated by low oxygen isotope values with strong seasonality in 
gastropod shells and mammal teeth from Myanmar, and by aeolian dust deposition in northwest China. Our climate 
simulations support modern-like Eocene monsoonal rainfall and show that a reinforced hydrological cycle responding to 
enhanced greenhouse conditions counterbalanced the negative effect of lower Tibetan relief on precipitation. These strong 
monsoons later weakened with the global shift to icehouse conditions 34 Myr ago. 


The Asian monsoon system controls precipitation over mainland Asia 
and is a critical component of modern global atmospheric circulation’. 
During summer monsoons, high insolation over continental regions 
produces a strong land-sea pressure gradient that forces oceanic winds 
to converge over the East and South Asian continents, bringing oceanic 
moisture inland and causing abundant rainfall’. During winter mon- 
soons, continents cool and winds reverse, causing dry conditions’ (Fig. 1a). 
Strong summer monsoonal precipitation, as seen in the present day, is 
enhanced by the Tibetan, Himalayan and Sino-Burman topographic 
highs, which favour ascendant convection**. 

The onset of the modern Asian monsoonal system has been gen- 
etically linked to development of high topographic relief associated 
with the uplift of the Tibetan-Himalayan orogen*”, although the tim- 
ing of this uplift and its role in forcing climate dynamics are still a matter 
of debate**. The aeolian dust deposits of the Chinese Loess Plateau, 
attributed to winter monsoonal storms sweeping clastic material from 
the deserts of the Asian interior into central China, are reported to be 
as oldas the Late Oligocene — Early Miocene, 25-22 Myr ago”. Inaddi- 
tion to aeolian sediments, the shift from arid to wet conditions in central 
China documented by pollen data sets'' and the marked increase in 
weathering indices and sedimentation rates in Southeast Asian mar- 
ginal seas” suggest the beginning of strong wind circulation and inland 
moisture supply at this time. 

Although poorly documented, pre-Early Miocene climate in Asia is 
of particular interest because it is characterized by higher atmospheric 
CO, content (pCO,), a connection that should improve our understand- 
ing ofhow monsoonal circulation will respond to the forthcoming high- 
pCO, world’*”’. Existing climatic models*'*"” suggest that there was 
significantly weaker, but active, monsoonal circulation during the Eo- 
cene, 55-34 Myr ago. However, late Eocene tectonic events, such as the 


retreat of the Paratethys Sea from the Tarim Basin (40-37 Myr ago; 
Fig. 1b, c)'*"!*"* and the opening of the South China Sea (35-30 Myr 
ago)'°, would have progressively increased land-sea pressure contrasts 
and could have set the stage for monsoonal intensification. Moreover, 
recent simulations” suggest that Eocene greenhouse conditions’* might 
have globally favoured strong monsoonal precipitation. Palynological 
and sedimentological evidence has been used to argue both in favour?” 
and against'' marked Eocene monsoons on the Asian mainland. These 
varied interpretations underscore the fact that the existence and intens- 
ity of the Asian monsoons during the Eocene have yet to be established 
by well-dated, comprehensive data sets and tested by climate model 
experiments. 


Eocene monsoons south of the Himalayas 


South of the Tibetan—Himalayan orogen, monsoons are primarily ex- 
pressed by intense summer rainfall in a wide area stretching along the 
Indian Foreland Basin (Fig. 1a)’. In this area, proxies of past isotopic 
composition of rainwater provide an insight into monsoonal intens- 
ity’? **. Monsoonal rainwaters are highly depleted in the oxygen iso- 
tope '80 relative to '°O during intense rainfall?*-*”. This '*O depletion 
is related to both summer rainfall intensity*”’ and the contribution 
of that rainfall to source water in the Bay of Bengal’®, thus producing 
an intimate correlation between '8O depletion and summer monsoon 
intensity’*. In contrast, infrequent rains during the winter are strongly 
enriched in '°O (refs 26, 27). These seasonal features control surface- 
water isotopic compositions and are preserved in the isotopic compo- 
sition of freshwater gastropod shells*”’ and of fossil tooth enamel from 
water-dependent mammals” ~*”. Both biotic proxies have been shown 
to record past monsoonal precipitation patterns over the past 10 Myr 
(refs 22, 23). 
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Figure 1 | Location map of study sites and late Eocene palaeogeography 
of the Asian mainland. a, The Xining Basin (red square) and Myanmar 
(purple square) study sites and the prevailing summer (red arrows) and winter 
(blue arrows) wind directions of the present-day Asian monsoons. IBR, 
Indo-Burman Ranges; CMB, Central Myanmar Basin. b, Palaeogeographic 


reconstruction used in the late Eocene (40 Myr ago) climate simulations***° 


with the Tibetan Plateau maximum height set to 3,500 m and Sino-Burman 
Ranges to 1,500 m. c, Palaeogeographic reconstruction used in the Eocene- 
Oligocene transition (34 Myr ago) simulations”. More detailed topography 
is given in Extended Data Fig. 1. 


Freshwater gastropod shells and fossil teeth of mammals from the 
Middle Eocene Pondaung and Upper Eocene Yaw Formations (40- 
34 Myr ago; Fig. 2a) of central Myanmar” show consistently low '°O 
values (representing the '*O/'°O ratio relative to Vienna standard mean 
ocean water (V-SMOW) and Vienna Pee Dee Belemnite (V-PDB) inter- 
national standards), reaching less than — 14%o V-PDB for gastropod 
material and 14% V-SMOW for fossil teeth (Fig. 2b, c). Eocene fossil 
enamel and gastropod values are lower than those seen in modern ma- 
terial from the Himalayan Foreland Basin by 4-6%bo and 3.5-4%o, re- 
spectively (Extended Data Table 1), but similar to Upper Miocene fossil 
values” **”. The oxygen isotopic composition of tooth enamel is lin- 
early dependent on the ingested water 5'°O (ref. 30), whereas the com- 
position of gastropod shells is linearly dependent on both the water 5'8O 
and temperature”®. Warmer late Eocene temperatures ~5 °C higher than 
today'?!? would decrease shell 5'°O values by only 1%o (refs 22, 28); the 
low values therefore indicate strong depletion in ‘SO in late Eocene 
Burmese surface waters. 

Despite the long distance between the comparative sites in the Hima- 
layan Foreland Basin (the Bugti Hills are ~2,500 km distant from cen- 
tral Myanmar), all sites display a well-established monsoonal cycle in 
rainwater isotopic composition®*””. Modern and fossil 5'%O values in 
the Himalayan Foreland Basin can be lowered by catchments of high- 
altitude rivers flowing from the Himalayas” **”. However, the low values 
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Figure 2 | Low oxygen isotopic values with strong yearly variation in fossils 
from Myanmar. The values reveal a strong, seasonal depletion in '80 of 
surface water in the late Eocene. a, Fossil material from the Pondaung 
Formation, including a rhinocerotid jaw and freshwater gastropod. 

b, Comparison of 8'%O of tooth enamel (phosphate phase) from Burmese fossil 
mammals (green triangles) with tooth enamel data from the younger 
Himalayan Foreland Basin (red circles, Pakistan (Siwaliks); grey circles, 
Pakistan (Bugti Hills); blue circles, central India)”. EOT, Eocene-Oligocene 
transition; Fm, formation. c, Comparison of 8180 values of Burmese fossil 
gastropod shells with 5'°O values from fossil? and modern”? shells in the 
Himalayan Foreland Basin (comparison data located at elevations <1,000 m). 
Boxes indicate lower and upper quartiles; inside boxes, solid lines indicate 
mean; whiskers indicate minimum and maximum values. d-g, Examples of 
3'80 cycles from rhinocerotid teeth (enamel carbonate phase, two to four 
cycles; d, incisor; e, molar) and gastropod shells (one cycle; two different 
samples are shown in f and g). All isotope results are listed in Supplementary 
Tables 1-3; standard deviations =0.2%o. 


for Eocene Burmese fossils cannot be explained by such an altitude ef- 
fect, considering the limited extent of the Burmese Eocene drainage 
and the relatively low elevation (<3,000 m) of recently uplifted neigh- 
bouring mountain ranges”. The intense depletion in '*O compared with 
modern values can be partly explained by the — 1%o shift in late Eocene 
oceanic 5'%0 (ref. 32). A contribution of East Pacific moisture to pre- 
cipitation in the proto-Bengal Bay could account for an additional de- 
crease of 2-3%o, considering the isotopic difference between the modern 
Indian Ocean and the East Pacific seawater and the rainout effects that 
decrease the isotopic composition of moisture during transport””’. How- 
ever, a change in rainfall moisture sources seems unlikely, given that all 
existing climate models with late Eocene boundary conditions (includ- 
ing our simulations; see below) underscore the persistence of seasonal 
reversals of Indian oceanic winds and of equatorial moisture sources dur- 
ing the rainy season, similar to the present-day system’*’”"”. Regardless 
of the exact contribution of East Pacific moisture, rainfall 8'°O values in 
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the late Eocene were, if all these possible offsets are taken into account, 
at least similar to, and probably lower than, modern-day 5'°O values. 
Thus, they are most probably explained by a strong summer rainfall 
that was at least as intense as the modern summer monsoon”. 
Moreover, 5'*O values within the Burmese fossils have striking cyclic 
and probably seasonal variations that yield annual growth rate estimates 
that are consistent with those of modern material”*’’. These seasonal 
variations average 3.8%o for gastropod shells and 2.2%o for tooth enamel, 
with ranges up to twice these values (Fig. 2d-g), similar to those seen in 
modern tooth enamel and gastropod shells from the Ganga Plain**”?. 
Like our fossil species, modern gastropods from the Ganga plain rarely 
have more than one seasonal cycle, because they cannot survive the dry 
winter’’. This interpretation of strong seasonality in the Burmese fossil 
material is confirmed by growth lines in coeval primate jaws™, pro- 
nounced cracking and swelling features in palaeosols”’, and fossil wood 
with marked growth rings**”** similar to modern forests that only grow 
in environments with strong monsoonal influence**. These combined 
results reveal that intense summer precipitation was followed by a marked 
dry season and indicate modern-like monsoonal rainfall south of the 
proto-Tibetan—Himalayan orogen during the late Eocene, ~40 Myr ago. 


Eocene desertification in inner Asia 


In addition to our results from Myanmar, we have extended the sedi- 
mentary record of the Chinese Loess Plateau at its western margin to 
include the late Eocene Mahalagou Formation in the Xining Basin, which 
was deposited between 40 and 33 Myr ago as determined by detailed 
magnetostratigraphy’”’**. These strata are dominated by homogeneous 
red mudstones deposited in dry mudflat environments and are inter- 
calated with gypsum layers (up to 1 m thick) that represent ephemeral 
to perennial saline lake systems” (Fig. 3a and Extended Data Fig. 2). 
These strata can be traced more than 200 km into the Gansu province, 
which demonstrates their regional palaeoenvironmental significance”. 

These clastic sediments lack evidence, either in outcrop” or in thin 
section, of pedogenesis or sedimentary structures indicative of fluvial 
transport. The particle size, shape and surface microtexture of quartz 
grains in the detrital silt and very fine sand fractions of these deposits 
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Figure 3 | Sedimentary features of late Eocene clastic deposits in the Xining 
Basin. a, Alternation of red mudstones (white arrows) and metre-thick 
gypsum layers in the Shuiwan section**. b, SEM image of the clastic component 
showing the different grain sizes and angular grain shapes. c, SEM image 
displaying an angular blade-shaped quartz grain with cleavage planes (CP), 
adhering clay particles (ACP) and smooth precipitation surfaces (SMS). 
Additional images are provided in Extended Data Fig. 3. d, Comparison of a 
selection of grain-size distributions of mudstone samples (red lines; n = 23) 
with those for samples from the Chinese Loess Plateau (blue lines; n = 22)*”. 
All grain-size and mineralogical results are given in Extended Data Fig. 2 and 
Supplementary Tables 4 and 5. 
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were studied under a scanning electron microscope (SEM) and sug- 
gest prolonged aeolian transport (Fig. 3b, c). Characteristic textures 
include dish-shaped concavities, mechanically formed upturned plates, 
flat cleavage faces and cleavage planes, angular blade-shaped grains and 
other spalls, and a high abundance of clays adhering to quartz grains 
and other clay particles”. Grain-size distributions of the clastic com- 
ponent in the red mudstones and gypsum beds show a bimodal distri- 
bution strongly indicative of aeolian transport for this clastic material”. 
This bimodal distribution of coarse (16-31 [1m) and fine (1.6-2.8 [1m) 
fractions persists throughout our study interval (Fig. 3d). This bimod- 
ality is strikingly similar to Miocene-Quaternary deposits of the Chinese 
Loess Plateau'**””, which have a coarse fraction transported by spring- 
monsoon and winter-monsoon dust storms in near-surface suspension 
clouds anda fine fraction commonly attributed—although this remains 
controversial—to year-round, background dust fall from upper-level 
airflow supplied by westerly winds”. 

The textural characteristics and grain-size distribution of the late 
Eocene clastic sediments from the Xining Basin indicate an aeolian ori- 
gin; this potentially includes partial local reworking of dust by surface 
water or the settling of dust in shallow lakes, as observed in several 
aeolian dust deposits in central China*’. Despite the reworking, origi- 
nal grain-size properties were retained. Our results from the clastic de- 
posits of the Xining Basin extend the record of aeolian dust in central 
China back 15 Myr earlier than previously reported”"”. 

The onset of aeolian deposition in central China has been related to 
the onset of desertification and winter monsoonal circulation in inner 
Asia’. Aeolian dust deposits require both a sizeable desert source area 
to provide aeolian particles and energetic winds to carry the particles 
to the area of deposition’. The prevalence of wet, subtropical condi- 
tions in south and coastal China in the late Eocene” indicates a roughly 
northwesterly origin for palaeo-winds that is confirmed by our climate 
simulations (see below), similar to the modern winter monsoonal wind 
direction, and indicates that the source areas were probably located in 
inner Asia. The deposits in the Xining Basin suggest that inner Asian 
desertification was significant in the late Eocene and that spring and 
winter monsoonal winds were already active. 

Gypsum beds intercalated with red mudstone deposits in the Xining 
Basin provide insight into potential forcing mechanisms of desertifica- 
tion in inner Asia. These gypsum beds represent ephemeral to perennial 
saline lakes that formed when the water supply from moisture sources 
was greater**. Potential water sources include the epicontinental Tarim 
Sea to the west, and the Pacific and Indian Ocean to the east and south'**””*. 
A significant decrease in gypsum content relative to mudstone 37 Myr 
ago** is synchronous with the last retreat of the Tarim Sea", suggesting 
that this was a significant water source to local rainfall before the sea 
retreated. However, the persistent, yet much reduced, recurrence of 
gypsum layers after 37 Myr ago suggests a dominant moisture source 
from southern and eastern oceans such as that supplied by the modern 
summer monsoon, although moisture from a remnant of the Paratethys 
sea further to the west cannot be ruled out. The complete disappearance 
of gypsum intercalations just after the 34 Myr Eocene-Oligocene trans- 
ition indicates global climate forcing associated with the coeval shift 
from greenhouse to icehouse conditions and the onset of large-scale 
Antarctic ice-sheets*””*. Furthermore, alternating saline lake gypsum 
and dry mudflat red mudstones layers indicate marked wet and dry 
periods on orbital timescales”, similar to the warmer and wetter equiva- 
lents of the loess—palaeosol alternations of the Chinese Loess Plateau'**!, 
which are attributed to periods of orbitally forced variability in summer 
monsoonal intensity. 


Insights from climate simulations 

To test the intensity of the late Eocene monsoons we used climate sim- 
ulations based on the atmospheric global circulation model LMDz* 
and a palaeogeographical reconstruction at 40 Myr (refs 45-47) with a 
Tibetan Plateau of intermediate height (3,500 m)°”’, a wide Tarim Sea’’, 
Eocene-like pCO, levels fourfold pre-industrial atmospheric levels”, 


25 SEPTEMBER 2014 | VOL 513 | NATURE | 503 


©2014 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


and two opposite orbital scenarios** (warm austral and warm boreal 
orbits) representing solar insolation minima and maxima related to or- 
bital cyclicity (Fig. 4 and Methods). Our modelling is distinctly differ- 
ent from existing models using Eocene conditions***"'”° in using a 
more realistic palaeogeography with a higher spatial resolution, and in 
quantitatively testing the impact of varying greenhouse conditions and 
orbital parameters on the Eocene Asian mainland. Our modelled atmo- 
spheric circulation possesses a well-established winter and summer Asian 
monsoonal system in both orbital extremes. 

South of the proto-Tibetan Plateau, a seasonal, modern-like rever- 
sal of Indian oceanic winds is established in our model, as well as the 
summer emplacement of an intense rainfall belt of more than 12 mm 
per day (>3,000 mm per year) along the southern flank of the orogen. 
These model results are in full agreement with a summer monsoonal 
origin of the low 5'%O values and marked seasonality in late Eocene 
fossils from Myanmar. North of the proto-Tibetan Plateau, our model 
indicates a high-pressure cell in central China that strengthened the 
northwesterly winds during the winter (Fig. 4a, b) causing monsoonal 
winds with modern-day velocities: of 5-10 ms™ '. This is in agreement 
with a winter monsoonal origin of Xining aeolian dust. In the summer, 
weak monsoon winds occurred along the flank of the Tibetan highs and 
along coastal China, while strong westerly surface winds dominated in 
northern China (Fig. 4c, d). The Xining area intersected the domains of 
the westerly winds and coastal summer monsoon, suggesting that these 
westerly summer surface winds may have also contributed to aeolian 
dust transport. 

Our model results show weaker East Asian summer monsoonal winds 
than in the present day; these were also apparent in previous simula- 
tions with a lowered Asian elevation*'*'’. However, the negative impact 
of lower Tibetan elevation on annual rainfall in our simulations was 
counterbalanced by enhanced atmospheric pCO>. The enhanced green- 
house conditions resulted in higher atmospheric water vapour loading 
and a reinforced hydrological cycle*”’. Despite weaker summer mon- 
soonal winds, the pCO, level of fourfold pre-industrial levels is suffi- 
cient to generate summer and annual rainfall amounts as high as modern 
values in Xining and Myanmar (Fig. 4c-f and Extended Data Table 2). 

Our simulations further indicate a strong sensitivity of Asian rain- 
fall to orbital parameters that generate precipitation values varying from 
close to those of the modern day to significantly greater amounts. In the 
warm austral orbital scenario, a zonal high-pressure band with more 
arid conditions of commonly 0-400 mm of annual rainfall and insig- 
nificant summer precipitation extends from coastal China to the Tarim 
Sea between 30° and 40° N latitudes (Fig. 4g). In the warm boreal or- 
bital scenario, summer oceanic moisture supply penetrates into central 
China, causing more abundant rainfall (commonly 500-1,000 mm of 
annual rainfall), whereas arid conditions are limited to inner China and 
the Tarim seashores (Fig. 4h). 

The repetitive alternation of gypsum and red mudstone in the Xining 
Basin is driven astronomically, predominantly by obliquity cycles®, in- 
dicating an alternation of wetter and drier periods on orbital timescales. 
In our climate simulations, annual rainfall in the Xining area is more 
than doubled in the warm boreal scenario compared with the warm aus- 
tral. Thus, a tentative link can be made between boreal insolation max- 
ima to saline lake expansion causing gypsum precipitation, and austral 
insolation maxima to lake desiccation phases and red mudstone depos- 
ition in the Xining area (Extended Data Fig. 4). It may also explain the 
seemingly unstable character of arid regions in central China before the 
Eocene-Oligocene greenhouse-icehouse transition at 34 Myr ago"? 

Under decreasing atmospheric CO) pressure and increasing Antarc- 
tic ice volume, our climate simulations based on a palaeogeographical 
reconstruction at 34 Myr ago” reveal a decreasing East Asian moisture 
supply (Fig. 5a) caused by a decreased pressure gradient from contin- 
ent to ocean (Fig. 5b). This summer monsoon weakening in East Asia 
explains the observed disappearance of wet-phase gypsum intercala- 
tions from the Xining Basin® during the greenhouse-icehouse trans- 
ition across the Eocene-Oligocene boundary”. 
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Figure 4 | Climatic simulations at 40 Myr ago, illustrating Eocene 
monsoonal circulation on the Asian mainland. Simulations were run with 
interpreted late Eocene palaeogeography (Fig. 1b), pCO, level (fourfold pre- 
industrial atmospheric levels)’* and with Antarctica set to ice-free conditions”. 
Two orbital scenarios were tested: a ‘warm austral’ extreme” (a, ¢, e, g) 

and a ‘warm boreal’ extreme** (b, d, f, h). a, b, Winter rainfall and 850-hPa 
winds; c, d, summer rainfall and 850-hPa winds (winds are displayed in areas 
lower than 2,000 m elevation); e, f, annual rainfall; g, h, seasonality index (ratio 
of rainfall from May to September versus annual rainfall’’). 
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Figure 5 | Climatic simulations at 34 Myr ago. The figure illustrates 
decreasing monsoon strength in response to ice-sheet expansion and lowering 
atmospheric CO; pressure. Four climate scenarios were run with interpreted 
Eocene-Oligocene transition palaeogeography (Fig. 1c)'*: ice-free Antarctica 
with pCO, at fourfold pre-industrial atmospheric levels, half-glaciated 
Antarctica with pCO, at threefold pre-industrial atmospheric levels, and 
fully glaciated Antarctica with pCO, at 2.5-fold and twofold pre-industrial 
atmospheric levels. a, Annual rainfall in the Xining Basin, averaged over 

the area between 101° E and 105° E and 35° N and 39° N (with standard 
deviations). Annual rainfall in the ice-free scenario is slightly lower than in the 
simulations at 40 Myr ago in response to changing palaeogeography (Extended 
Data Fig. 1). b, Differences in the modelled monsoonal index M (AM, 
experiment minus control simulation), quantifying the continent-ocean 
pressure gradient in Asia and thus monsoonal intensity’. In both panels, blue 
represents warm boreal orbital parameters, and red represents warm austral 
orbital parameters. 


Forcing by the Himalayan-Tibetan uplift has a clear impact on mon- 
soon strength in our (and other) studies, but forcing from the global 
climate, predominantly driven by atmospheric pCO,, should be equally 
regarded as one of the governing parameters contributing to the sin- 
gular strength of the Asian summer and winter monsoons. The decrease 
in the continent-ocean pressure gradient through the Eocene-Oligocene 
transition of 0.9 mbar in the warm boreal scenario is the same order of 
magnitude as the increase of 0.8 mbar induced by the proposed Tibetan 
uplift during the Miocene in sensitivity test simulations’. In addition 
to high pCO, in the Eocene, a significant part of the Tibetan—-Himalayan 
orogen was probably already elevated in the Late Eocene, possibly by 
pre- and/or early-collision orogenesis**. As a result, the impact of later 
uplift events on the stepwise onset of monsoonal circulation may be sig- 
nificantly overestimated. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Statin treatment rescues FGFR3 skeletal 
dysplasia phenotypes 


Akihiro Yamashita', Miho Morioka!, Hiromi Kishi!, Takeshi Kimura’, Yasuhito Yahara', Minoru Okadal, Kaori Fujita’, 


Hideaki Sawai’, Shiro Ikegawa* & Noriyuki Tsumaki!° 


Gain-of-function mutations in the fibroblast growth factor receptor 3 gene (FGFR3) result in skeletal dysplasias, such as 
thanatophoric dysplasia and achondroplasia (ACH). The lack of disease models using human cells has hampered the 
identification ofa clinically effective treatment for these diseases. Here we show that statin treatment can rescue patient- 
specific induced pluripotent stem cell (iPSC) models and a mouse model of FGFR3 skeletal dysplasia. We converted 
fibroblasts from thanatophoric dysplasia type I (TD1) and ACH patients into iPSCs. The chondrogenic differentiation of 
TD1iPSCs and ACH iPSCs resulted in the formation of degraded cartilage. We found that statins could correct the degraded 
cartilage in both chondrogenically differentiated TD1 and ACH iPSCs. Treatment of ACH model mice with statin led to a 
significant recovery of bone growth. These results suggest that statins could represent a medical treatment for infants and 


children with TD1 and ACH. 


Achondroplasia (ACH) is the most common skeletal dysplasia, and the 
condition leads to disproportionate short-limb dwarfism. Mutations in 
the gene encoding fibroblast growth factor receptor 3 (FGFR3) were 
identified in patients with ACH (refs 1, 2). FGFR3 mutations were sub- 
sequently found in patients with thanatophoric dysplasia, of which there 
are two types that can be distinguished by the radiographic findings and 
the results of a molecular analysis: thanatophoric dysplasia type I (TD1) 
and II (TD2). The phenotype of thanatophoric dysplasia is more severe 
than that of ACH, and the condition is lethal due to respiratory insuf- 
ficiency, which is secondary to an abnormal chest wall skeleton. Owing 
to recent progress in respiratory management, infants with thanatopho- 
ric dysplasia can survive for several months to years. FGFR3 mutations 
have also been found in some other conditions, which are collectively 
called FGFR3 chondrodysplasias’. Mice that are deficient for FGFR3 
show skeletal overgrowth’. This mouse phenotype suggests that FGFR3 
is a negative regulator of endochondral bone formation, confirming that 
the mutations causing FGFR3 chondrodysplasias are gain-of-function 
mutations. 

FGFR3 functions as a transmembrane receptor tyrosine kinase. Thera- 
peutic strategies aimed at decreasing excessive FGFR3 signals have been 
investigated’. The application of c-type natriuretic peptide (CNP)°, a CNP 
analogue’, parathyroid hormone’, a FGFR3-binding peptide’ and sol- 
uble FGFR3 (ref. 10) led to a recovery of bone growth in a genetically 
manipulated mouse model of FGFR3 chondrodysplasia. CNP attenuates 
the mitogen-activated protein kinase (MAPK) signals which are acti- 
vated by FGFR3. The efficacy of all of these treatments remains to be 
tested in appropriate human cell models, which have not been available 
for FGFR3 chondrodysplasia. In addition, the safety of these treatments 
needs to be confirmed through additional pre-clinical and clinical tests 
before wide clinical use can be advocated. The mechanism(s) by which 
FGFR3 mutations cause cartilage abnormalities have been investigated 
by transducing cells with mutant FGFR3 in vitro, and generating a gen- 
etically engineered mouse model in vivo’. The former approach provides 
information on the impact of FGFR3 mutations on the receptors, such 
as receptor stabilization and turnover". The latter approach has revealed 


the impact of FGFR3 mutations on the growing skeleton and indicated 
that the endochondral bone formation process is disturbed’’. In addi- 
tion to these two approaches, recent progress in cell reprogramming tech- 
nologies is beginning to offer a new disease model: induced pluripotent 
stem cells (iPSCs). The iPSCs are generated from dermal fibroblasts or 
blood cells from patients, followed by differentiation into cell types of 
interest, such as chondrocytes in the case of FGFR3 chondrodysplasias. 
This process may provide human cell types and tissues that can allow 
investigation of the mechanism(s) underlying the onset and progres- 
sion of disease, and drug screening. 


Generation of TD1-specific iPSCs 

Human dermal fibroblasts (HDFs) were obtained from three TD1 patients 
(TD1-714, TD1-10749 and TD1-315H) (Extended Data Fig. 1a). A sequenc- 
ing analysis of the genomic DNA extracted from the patients’ HDFs 
revealed a heterozygous mutation (R248C) in the FGFR3 gene in all three 
TD1 patients (Extended Data Fig. 1a). We established more than three 
iPSC lines for each TD1 patient and analysed one TD1 iPSC line (TD1- 
714-3, TD1-10749-1 and TD1-315H-2) derived from the HDFs of each 
patient. Wild-type iPSC lines (409B2 (ref. 13), KF4009-1 and HDF-11) 
derived from three control individuals were prepared. We confirmed 
that all iPSC lines expressed SSEA4 and TRA1-60, and formed terato- 
mas containing all three germ layers (Extended Data Fig. la-c). 


Abnormal cartilage formation from TD1 iPSCs 

We differentiated TD1 and wild-type iPSCs towards chondrocytes. The 
iPSCs were differentiated into chondrogenic cells in the presence of chon- 
drogenic supplementation on dishes for 14 days, and then were trans- 
ferred into suspension culture to form cartilaginous particles following 
the previously described method", with modifications. The wild-type 
iPSCs formed particles composed of cells scattered in a cartilaginous extra- 
cellular matrix, as indicated by positive Safranin O staining on day 42. TD1 
iPSCs formed particles that did not appear to be stained with Safranin O, 
indicating that the extracellular matrix contained little glycosaminogly- 
can (Fig. 1a and Extended Data Fig. 2). The presence of glycosaminoglycan 


1Cell Induction and Regulation Field, Department of Cell Growth and Differentiation, Center for iPS Cell Research and Application, Kyoto University, Kyoto 606-8507, Japan. “Department of Pediatrics, 
Osaka University Graduate School of Medicine, Osaka 565-0871, Japan. ?Department of Obstetrics and Gynecology, Hyogo College of Medicine, Hyogo 663-8501, Japan. “Laboratory of Bone and Joint 
Diseases, Center for Integrated Medical Sciences, RIKEN, Tokyo 108-8639, Japan. “Japan Science and Technology Agency, CREST, Tokyo 102-0075, Japan. 
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Figure 1 | Chondrogenic differentiation of wild-type iPSCs and TD1 iPSCs. 
a, Histology of iPSC-derived cartilaginous particles on day 42. The images are 
representative of three independent experiments. HE, haematoxylin and eosin 
staining. b, Results of a real-time RT-PCR expression analysis of FGFR3 
mRNA in chondrogenically differentiated iPSC lines on day 28 (n = 3 
independent iPSC lines). WT, wild type. c, Results of an immunoblot analysis of 
the FGFR3 protein in chondrogenically differentiated iPSCs on day 28. The 
images are representative of three independent experiments. d, Time course of 
the changes in the expression of markers in iPSCs subjected to chondrogenic 
differentiation, as determined by real-time RT-PCR (n = 3 technical 
replicates). e, Phase microscopic images of chondrogenically differentiated 
iPSCs in adhesion culture on day 14. The images are representative of three 
independent experiments. f, iPSC-derived cartilaginous particles on day 28 
were treated with BrdU. Left: histological sections were immunostained with 
anti-BrdU antibodies. Right: the number of BrdU-positive cells were divided by 
the total number of cells (n = 3 particles). The data are representative of two 
independent experiments. The error bars denote the means + s.d. *P < 0.05 by 
the t-test. Scale bars, 50 um. 


is important for the mechanical properties of cartilage. Messenger RNA 
expression analysis showed that there were decreased expression levels 
of chondrocyte markers and increased expression levels of type I col- 
lagen genes in chondrogenically differentiated TD1 iPSCs on day 28 
(Extended Data Fig. 3a). Immunohistochemical analysis showed that 
the TD1-iPSC-derived particles expressed more type I collagen and less 
type II collagen than the wild-type-iPSC-derived particles on day 42 (Ex- 
tended Data Fig. 3b, c). Focal deposition of type II collagen in the TD1- 
iPSC-derived particles (Extended Data Fig. 3c, lower panels) suggests 
that there was limited cartilage formation or remnant cartilage which 
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was formed in earlier stages that was subsequently degraded. Markers 
of pluripotency (SSEA4 and TRA1-60) were not detected in either 
the chondrogenically differentiated wild-type or TD1 iPSCs on day 42 
(Extended Data Fig. 3d). The expression level of FGFR3 mRNA in chon- 
drogenically differentiated TD1 iPSCs was significantly lower than in 
chondrogenically differentiated wild-type iPSCs (Fig. 1b), probably 
because of the negative feedback transcriptional regulation due to the 
gain-of-function mutation of FGFR3 in the TD1 cells. Immunoblot 
analysis showed that the amount of FGFR3 protein in the chondrogeni- 
cally differentiated TD1 iPSCs was higher than in the chondrogenically 
differentiated wild-type iPSCs (Fig. 1c), supporting the notion that the 
mutant FGFR3 receptor is resistant to degradation, leading to persistent 
activation of the receptor’s signal transduction'!’*""”. 

To examine how the chondrogenic differentiation of TD1 iPSCs re- 
sulted in the formation of abnormal particles, we analysed the time course 
of the changes in expression of markers in wild-type iPSCs and TD1 
iPSCs subjected to chondrogenic differentiation (Fig. 1dand Extended 
Data Fig. 4a). Expression of OCT4 (also called POU5F1), a marker of plur- 
ipotency, decreased rapidly on day 3, and expression of mesendodermal/ 
mesodermal markers T and KDR was transiently increased around days 
3-9 in both chondrogenically differentiated wild-type and TD1 iPSCs. 
Expression of chondrogenic transcription factors SOX9, SOX5 and SOX6 
was activated and increased gradually in both chondrogenically differ- 
entiated wild-type and TD1 iPSCs until day 14. Expression levels of SOX9, 
SOX5 and SOX6 continued to increase in the chondrogenically differ- 
entiated wild-type iPSCs, whereas they decreased gradually after day 14 
in the chondrogenically differentiated TD1 iPSCs. 

The expression of these chondrogenic transcription factors was 
followed by expression of their target genes encoding cartilage matrix 
proteins. Expression of type II collagen gene (COL2A 1) and aggrecan 
gene (ACAN) was activated on day 14, and increased gradually in both 
chondrogenically differentiated wild-type and TD1 iPSCs until day 21. 
The expression levels of COL2A1 and ACAN continued to increase until 
day 28 in chondrogenically differentiated wild-type iPSCs, whereas they 
were not changed or were decreased on day 28 in chondrogenically differ- 
entiated TD1 iPSCs. These findings suggest that both wild-type iPSCs 
and TD1 iPSCs were similarly differentiated into chondrocytes until 
days 14-21. This interpretation was supported by phase microscopic 
observation, which revealed that the wild-type iPSC and TD1 iPSC cul- 
tures similarly produced cell nodules by day 14 (Fig. le), because the forma- 
tion of cell nodules is a typical characteristic of cultured chondrocytes. 

Reduced expression of cartilage matrix genes (COL2A1 and ACAN) 
on day 28, however, indicated that chondrocyte maturation was disturbed 
in the chondrogenically differentiated TD1 iPSCs after their differenti- 
ation into chondrocytes. Previous studies have revealed that chondro- 
cyte proliferation is disturbed in ACH model mice” and in chondrocytic 
cells transduced with FGFR3 carrying thanatophoric dysplasia and ACH 
mutations’, and that chondrocyte apoptosis is increased in thanatopho- 
ric dysplasia patients and in chondrogenic cells transduced with FGFR3 
carrying thanatophoric dysplasia and ACH mutations’*””°. Labelling 
cells with 5-bromodeoxyuridine (BrdU) revealed that the proliferation 
rate of the chondrogenically differentiated TD1 iPSCs was decreased 
compared with that of the chondrogenically differentiated wild-type 
iPSCs on day 28 (Fig. 1f). The chondrogenically differentiated TD1 iPSCs 
showed increased numbers of TUNEL-positive cells (Extended Data 
Figs 4 b, c) and increased immunoreactivity for cleaved-caspase 3 (Extended 
Data Fig. 4d), suggesting that they had increased apoptosis compared 
with chondrogenically differentiated wild-type iPSCs. Chondrogenically 
differentiated TD1 iPSCs showed increased expression levels of p21 
(Extended Data Fig. 4e). Together these results suggest that the chon- 
drogenically differentiated TD1 iPSC model recapitulates the two prim- 
ary abnormalities which are found in FGFR3-related disease patients 
and models: decreased proliferation and increased apoptosis of chon- 
drocytes. These two abnormalities might be responsible for the degraded 
cartilage tissue found in TD1-iPSC-derived particles on day 42. 
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Figure 2 | Results of an analysis of FGFR3 knockdown in TD1 iPSCs 
(TD1-714-3) subjected to chondrogenic differentiation. The data were 
collected from three independent clones respectively bearing three different 
FGFR3 shRNAs. a, The FGFR3 shRNA piggyBac (PB) vector. b, Results of an 
immunoblot analysis of FGFR3 on day 28. iPSC chon, chondrogenically 
differentiated iPSCs. c, The results of a real-time RT-PCR expression analysis 
of FGFR3 on day 28 (n = 3 technical replicates). d, Histological analysis on day 
42. Scale bars, 50 um. The right panel shows the area of the Safranin-O-positive 
region in the particles. The number of particles examined is indicated at the 
bottom. Error bars denote the means + s.d. **P < 0.01 by the Tukey-Kramer 
post-hoc test. 
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FGFR3 inactivation rescues TD1 iPSC cartilage 


To confirm that TD1 iPSCs cannot produce cartilaginous particles due 
to the gain-of-function mutation of FGFR3, we knocked down FGFR3 
in TD1 iPSCs (TD1-714-3) using piggyBac short hairpin RNA (shRNA) 
vectors (Fig. 2a). Expression of FGFR3 mRNA and protein was effec- 
tively knocked down in the chondrogenically differentiated TD1 iPSCs 
bearing each of three types of FGFR3 shRNA (Fig. 2b, c). The TD1 
iPSCs transfected with FGFR3 shRNA formed cartilaginous particles 
that were positively stained by Safranin O (Fig. 2d). Expression analysis 
showed that chondrogenically differentiated TD1 iPSCs transduced with 
FGFR3 shRNA had increased expression of chondrocyte marker genes 
and decreased expression of fibroblast marker genes compared with chon- 
drogenically differentiated TD1 iPSCs bearing control shRNA target- 
ing the luciferase gene sequence (Extended Data Fig. 5a). 

Furthermore, treatment of chondrogenically differentiated TD1 iPSCs 
with FGFR3 neutralizing antibody resulted in partial recovery of cartil- 
age formation (Extended Data Fig. 5b). Expression analysis showed that 
addition of the FGFR3 neutralizing antibody increased the expression 
of chondrocyte marker genes and decreased the expression of fibroblast 
marker genes in the chondrogenically differentiated TD 1 iPSCs (Extended 
Data Fig. 5c). 

These results suggest that the formation of degraded cartilage by TD1 
iPSCs is caused by the gain-of-function mutation of FGFR3. 


Statins rescue TD1-iPSC-derived cartilage 


To find effective drugs to treat FGFR3 chondrodysplasias, we screened 
molecules for their ability to rescue chondrogenically differentiated TD1 
iPSCs from the degraded cartilage phenotype. We selected molecules that 
had previously been reported to affect FGFR3 signalling and/or chon- 
drocyte differentiation. Chondrogenically differentiated TD1 iPSCs were 
rescued by the addition of CNP but not by the addition of an FGFR 
inhibitor or the G-protein antagonist NF449 (Extended Data Fig. 6). 

We included statins in the candidate molecules because they have 
been reported to have anabolic effects on chondrocytes”*”’. The statins 
compose a drug class broadly characterized as lipid-lowering agents. 
Statins inhibit mevalonic acid synthesis, and as a consequence lead toa 
decrease in the amount of total cholesterol and decreased levels of low- 
density lipoproteins. Statins have favourable effects on cardiovascular 
disease, the nervous system, the immune system, the skeletal system and 
tumour growth”*”’, and there is emerging interest in the pleiotropic 
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Figure 3 | TD1 (TD1-714-3) iPSCs were chondrogenically differentiated to 
produce particles in the presence or absence of lovastatin (1 1M). a, Left: 
histology of the particles on day 42. Right: area of the Safranin-O-positive 
region in the particles. The number of particles examined is indicated at the 
bottom. The data are representative of three independent experiments. 

b, Particles on day 28 were treated with BrdU. Left: histological sections were 
immunostained with anti-BrdU antibodies. Right: number of BrdU-positive 
cells were divided by the total number of cells (1 = 3 particles). The data are 
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representative of two independent experiments. c, Results of an immunoblot 
analysis of FGFR3 and phosphorylated MAPK on day 28. WT, wild-type 
(409B2)-iPSC-derived particles. 293FT, 293FT cells. The images are 
representative of three independent experiments. d, Results of a real-time RT- 
PCR expression analysis of FGFR3 on day 28 (n = 3 technical replicates). The 
data are representative of two independent experiments. Error bars denote the 
means + s.d. *P < 0.5; **P < 0.01 by the t-test. Scale bars, 50 um. 
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effects of statins. We found that the addition of lovastatin recovered the 
cartilage formation of chondrogenically differentiated TD1 iPSCs (Fig. 3a). 
An expression analysis showed that the addition oflovastatin increased 
the expression of a chondrogenic transcription factor (SOX9) and cartilage 
extracellular components (COL2A1 and ACAN) in chondrogenically 
differentiated TD1 iPSCs (Extended Data Fig. 7a). Labelling TD1-iPSC- 
derived particles cultured in the presence or absence of lovastatin with 
BrdU revealed that the addition of lovastatin increased the prolifera- 
tion rates of chondrogenically differentiated TD1 iPSCs in the particles 
(Fig. 3b). Furthermore, we confirmed that addition of mevastatin, ator- 
vastatin, pravastatin, rosuvastatin and fluvastatin also recovered the car- 
tilage formation of chondrogenically differentiated TD1 iPSCs (Extended 
Data Fig. 7b). These results suggest that various statins can rescue chon- 
drogenically differentiated TD1 iPSCs. 

To gain insight into the mechanism(s) by which statins rescue the 
FGFR3 chondrodysplasia models, we examined the expression levels 
of FGFR3 protein and mRNA. Immunoblot analysis revealed that applica- 
tion of lovastatin rescued chondrogenically differentiated TD1 iPSCs 
from the increased amount of FGFR3 protein (Fig. 3c). Accordingly, 
application of lovastatin rescued chondrogenically differentiated TD1 
iPSCs from an increased amount of phosphorylated MAPK, a down- 
stream target of FGFR3 signalling. The changes in the amount of FGFR3 
protein were not regulated at the mRNA expression level, because the 
FGFR3 mRNA expression levels were increased by lovastatin applica- 
tion in chondrogenically differentiated TD1 iPSCs (Fig. 3d), suggesting 
that statin treatment may accelerate the degradation of FGFR3 protein 
in chondrogenically differentiated TD1 iPSCs. 


Statin exposure rescues ACH iPSC cartilage 


We next investigated whether lovastatin could rescue another FGFR3 
chondrodysplasia: ACH. We generated iPSCs from HDFs obtained from 
two individuals with ACH and one individual who was homozygous 
for an ACH mutation (ACHhomo). The chondrogenic differentiation 
of ACH iPSCs and ACHhomo iPSCs resulted in the formation of particles 
that lacked the cartilaginous element, as indicated by negative Safranin O 
staining. Addition of lovastatin to the culture media recovered the car- 
tilage formation of chondrogenically differentiated ACH iPSCs and 
ACHhomo iPSCs (Extended Data Fig. 8). 


Statins cause bone elongation in ACH mice 


We examined whether statin treatment could rescue Fefr3“ transgenic 
mice from the FGFR3 chondrodysplasia phenotype in vivo. The Fgfr3* 
transgenic mice’’ express Fefr3 with an ACH mutation in chondrocytes 
under the control of the Col2a1 promoter/enhancer sequences. Fefr3““" 
transgenic mice show dwarfism, short limb bones and a short snout. 
Daily intraperitoneal injections of rosuvastatin significantly increased 
the anteroposterior lengths of the skulls and the lengths of the ulnas, 
femurs and tibiae in the Fefr3“ mice when they were 15 days old (Fig. 4 
and Extended Data Fig. 9). There were no significant differences in the 
lengths of the ulnas and tibiae between Fefr3“ mice receiving rosu- 
vastatin and wild-type mice receiving vehicle. 

The lengths of primordial cartilage in Fgfr3““ mice increased more 
in organ culture in the presence of lovastatin than in the absence of 
lovastatin (Extended Data Fig. 10a), indicating that lovastatin acts on 
the cartilage directly to induce its elongation. Labelling the primordial 
cartilage with BrdU revealed that lovastatin increased the proliferation 
rate of chondrocytes in the Fefr3“ primordial cartilage (Extended Data 
Fig, 10b). 

The pellets of Fgfr3“ primary chondrocytes cultured in the pres- 
ence of lovastatin showed more intense Safranin O staining than did 
the pellets of Fgfr3* primary chondrocytes in the absence of lovasta- 
tin (Extended Data Fig. 10c). Fefr3““ pellets cultured in the presence of 
lovastatin showed increased expression levels of Sox9, Col2al and Acan 
at 2 weeks after the start of pellet culture, as well as increased expression 
levels of Runx2 and Coll0a1 at 4 weeks after the start of pellet culture, 
compared with those cultured in the absence of lovastatin (Extended 
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Figure 4| Rescuing ACH model (Fgfr3““) mice from reduced bone growth 
by intraperitoneal injection of rosuvastatin. a, Top: X-ray images of heads. 
Lateral views. Middle: X-ray images of bodies. Anterior—posterior view. 
Bottom: X-ray images of the hindlimb skeletons. Scale bars, 2mm. 

b, Measurements of the anteroposterior (A-P) length of the heads and the 
length of the ulnas, femurs and tibiae in X-ray images and weights. The 
numbers of mice for each group were: Fefr3“" mice treated with vehicle, 

n= 42; Fegfr34 mice treated with statin, n = 38; wild-type mice treated with 
vehicle, n = 38; wild-type mice treated with statin, n = 51. The error bars 
denote the means + s.d. t-test P values are indicated. 


Data Fig. 10d). These results suggest that statin treatment stimulated both 
chondrocytic differentiation and maturation towards hypertrophy by 
increasing the expression of Sox9 and Runx2, respectively. 

Immunoblot analysis of primary chondrocytes showed that a larger 
amount of FGFR3 was detected in the Fefr3““ chondrocytes than in 
the wild-type chondrocytes (Extended Data Fig. 10e), probably due to 
overexpression of the Fefr3““ transgene and inhibited degradation of 
the mutant FGFR3. Addition of lovastatin to the culture decreased the 
amount of FGFR3 in the Fefr3““ chondrocytes, and addition of MG132 
increased the amount of FGFR3 in Fefr3““ chondrocytes which were 
cultured in the presence of lovastatin. The expression of FGFR3 was 
slightly increased in Fefr3““ chondrocytes by the addition of bafilomy- 
cin A1 in the presence of lovastatin in the cultures. These results suggest 
that statin treatment induced the degradation of mutant FGFR3, mainly 
through a proteasomal pathway. 
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Discussion 


The degree of abnormality in the histology of the resultant TD1-iPSC- 
and ACH-iPSC-derived cartilaginous particles on day 42 appeared to 
be more severe than that observed in the cartilage of patients with TD1 
and ACH, respectively. One of the reasons for this discrepancy may be 
that the in vitro culture environment lacks any compensatory machinery 
to adapt skeletal tissues to the malfunction of chondrocytes caused by 
FGFR3 mutations. The exaggeration of phenotypes has been recog- 
nized in iPSC models of other diseases, including Alzheimer’s disease”*. 
This exaggeration of the phenotype exhibited by TD1-iPSC-derived 
chondrocytes may be advantageous for screening drugs, because it may 
decrease the occurrence of false-negative events. 

We injected ACH model mice with 1.0 mgkg | rosuvastatin, which 
is equivalent to 70 mg per day ina 70 kg human. A dose of 80 mg per day 
of rosuvastatin was studied in a clinical trial and found to be associated 
with an increased risk of muscle toxicity and renal toxicity compared 
with a dose of 40 mg per day”. However, a dose of 1.0 mg per kg rosu- 
vastatin is not always intolerable. It is important to note that when rosu- 
vastatin was administered at this dose it was able to elongate the skeletal 
elements of the ACH model mice, because a considerable proportion of 
the statin administered was removed by the liver. It remains to be deter- 
mined which statin is the most effective and what dose is needed. The 
precise mechanism(s) by which statin treatment can rescue the chon- 
drocyte abnormalities associated with FGFR3 diseases remain to be elu- 
cidated, although we have obtained some insights into the statin-induced 
promotion of FGFR3 degradation, which is inhibited in cases with mutant 
FGEFR3 (see Supplementary Discussion for further information). 

Because statins have been administered to large numbers of human 
patients for many years, there is abundant information available on their 
safety, although their effects on infants and juvenile patients are still largely 
unknown. The fact that the treatment rescued both human iPSC disease 
models and mouse disease models suggests that statins might be effec- 
tive and applicable for patients with TD1 and ACH. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Loss of oncogenic Notchl with resistance 
to a PI3K inhibitor in T-cell leukaemia 
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Keiko Akagi*, Qing Li’, Jon C. Aster®, Warren S. Pear’, James R. Downing”, Deepak Sampath? & Kevin Shannon! 


Mutations that deregulate Notch1 and Ras/ phosphoinositide 3 kinase (PI3K) / Akt signalling are prevalent in T-cell acute 
lymphoblastic leukaemia (T-ALL), and often coexist. Here we show that the PI3K inhibitor GDC-0941 is active against 
primary T-ALLs from wild-type and Kras“”” mice, and addition of the MEK inhibitor PD0325901 increases its efficacy. 
Mice invariably relapsed after treatment with drug-resistant clones, most of which unexpectedly had reduced levels of 
activated Notch! protein, downregulated many Notchl target genes, and exhibited cross-resistance to y-secretase inhib- 
itors. Multiple resistant primary T-ALLs that emerged in vivo did not contain somatic Notch1 mutations present in the 
parental leukaemia. Importantly, resistant clones upregulated PI3K signalling. Consistent with these data, inhibiting 
Notchl activated the PI3K pathway, providing a likely mechanism for selection against oncogenic Notchl signalling. 
These studies validate PI3K as a therapeutic target in T-ALL and raise the unexpected possibility that dual inhibition of 


PI3K and Notchl signalling could promote drug resistance in T-ALL. 


Targeted anticancer therapies exploit genetic and biochemical altera- 
tions unique to malignant cells, and administering combinations of tar- 
geted drugs based on the constellation of specific mutations present in 
an individual tumour isa rational strategy for treating advanced cancers. 
In T-ALL, mutations that deregulate Notch1 and Ras/PI3K signalling 
occur in 60% and 55% of patients, respectively’*. Recent data indicate 
that PI3K pathway activation is associated with aggressive biological 
features, drug resistance and poor prognosis in T-ALL*°. GDC-0941 is 
a potent PI3K inhibitor that is rapidly advancing in clinical development”. 
We observed downregulation of activated Notch1 signalling and reduced 
Myc expression in T-ALL cell lines and primary leukaemias that became 
resistant to GDC-0941 in vitro and in vivo. These data implicate PI3K 
as a dominant oncogenic driver pathway in T-ALL, and indicate that com- 
bining targeted anticancer drugs may have unanticipated effects on clonal 
dynamics and inadvertently promote the outgrowth of resistant cells. 


Loss of Notch] with PI3K inhibitor resistance 

T-ALLs were generated by performing retroviral insertional mutagen- 
esis (RIM) in wild-type (Kras“") and Mx1-cre, Kras’""©?? (Kras@!??) 
mice"', and by expressing mutant Kras in a transduction/transplantation 
system”. These primary T-ALLs are characterized by diverse retroviral 
integrations, heterogeneous biochemical activation of the Raf/MEK/ 
ERK and PI3K/Akt effector pathways, and secondary acquisition of 
somatic Notch1 mutations (Extended Data Fig. 1a). Cell lines generated 
from murine T-ALLs are uniformly sensitive to PI3K inhibition'"””. To 
uncover potential mechanisms of acquired resistance, we exposed T-ALL 
cell line E2 (ref. 12) to increasing concentrations of GDC-0941 (ref. 10). 
In comparison to the parental E2 cell line, all three resistant lines (E2-R3, 
E2-R5 and E2-R6) proliferated in a tenfold higher concentration of GDC- 
0941 as assessed by cell numbers (Fig. 1a) and 5-bromodeoxyuridine 
(BrdU) labelling (Fig. 1b and Extended Data Fig. 2a). Resistant E2 cells 
also required higher drug concentrations to efficiently induce cleaved 
caspase 3 and inhibit higher levels of phosphorylated Akt (pAkt) (Fig. 1c, d). 


Unexpectedly, resistant E2 clones downregulated the expression of acti- 
vated Notch intracellular domain (NICD) proteins and were insensitive to 
compound E, a potent y-secretase inhibitor (GSI) that blocks an essential 
enzymatic cleavage step for generating NICD® (Fig. le, f). 


Efficacy of PI3K and MEK inhibitors in vivo 


Leukaemias generated by RIM recapitulate the genetic heterogeneity 
seen in advanced human cancers, and transplantation into recipient 
mice provides a flexible system for investigating therapeutic responses 
and elucidating mechanisms of drug resistance (Extended Data Fig. 1b). 
Advantages of this approach include: (1) primary cancers are treated in 
immunocompetent mice; (2) retroviral integration patterns can be used 
to track the emergence of drug-resistant clones; and (3) relapsed leuk- 
aemia cells can be re-transplanted to verify intrinsic resistance and test 
alternative therapies'®. We transplanted 6 Kras“’ and 15 Kras@!?? T- 
ALLs (Extended Data Table 1) into 168 recipients (8 per leukaemia) and 
randomly assigned these mice to receive GDC-0941 or control vehicle 
(n = 5 and 3, respectively). Mice were treated for 8 weeks or until they 
required euthanasia due to progressive leukaemia. The maximally tol- 
erated dose (MTD) of GDC-0941 is 125 mgkg ' day in sublethally 
irradiated mice and results in drug exposures sufficient to effectively 
inhibit PI3K for >8 h (Extended Data Fig. 3). Overall, treatment at this 
dose significantly extended the survival of recipients transplanted with 
Kras“", but not Kras@'7”, leukaemias (Fig. 2a, b). An analysis of indi- 
vidual primary leukaemias showed that 3 of 6 Kras’ and 4 of 15 Kras@!?? 
T-ALLs responded to GDC-0941 (Extended Data Table 1). Importantly, 
these heterogeneous and transient in vivo responses contrast with the 
uniform in vitro sensitivity of T-ALL cell lines to PI3K inhibition’’’””. 

The Raf/MEK/ERK pathway is a major effector of oncogenic Ras sig- 
nalling, and combining MEK and PI3K inhibitors is efficacious in murine 
Kras-driven tumours”. We previously administered PD0325901 (PD901), 
a potent and selective MEK inhibitor", to mice transplanted with Kras”* 
or Kras®’?? T-ALLs'!. PD901 marginally increased the survival of recipients 
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Figure 1 | GDC-0941-resistant T-ALL lines downregulate NICD and 
increase pAkt. a, GDC-0941 dose escalation yielded three resistant lines (dotted 
lines) from T-ALL cell line E2 (solid line). b-d, Resistant T-ALL cells were 
exposed to GDC-0941 (triangles, 0.01-1 1M). b, ¢, Resistant cells require a 
tenfold higher dose of GDC-0941 to inhibit BrdU incorporation (b) and 

have impaired cleaved caspase 3 induction (c). Error bars show standard error of 
the mean (s.e.m.) of three technical replicates with differences between parental 
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Figure 2 | Responses to targeted agents and clonal evolution. a, Kaplan- 
Meier analysis of Kras“" T-ALLs treated with vehicle (n = 17), GDC-0941 
(0941; n = 29) or GDC-0941 plus PD901 (n = 24). Treatment with GDC-0941 
or the combination extended survival (log-rank, P = 0.013 and P< 0.0001). 
b, Kras”” T-ALLs treated with vehicle (n = 39), GDC-0941 (n = 55) or 
GDC-0941 plus PD901 (n = 47) only responded to the combination (log-rank, 
P<0.0001). ¢, Refractory leukaemias have intrinsic drug resistance. Each 
relapsed T-ALL was transplanted into secondary recipients and retreated with 
GDC-0941 (2M R1) or GDC-0941 plus PD901 (20M-R3). Relapsed leukaemias 
(green lines) are unresponsive to treatment that was efficacious in parental 
T-ALLs (compare blue and red lines). d, Southern blot analysis detects novel 
retroviral integrations (arrows) in resistant leukaemias that are absent in 
vehicle-treated mice (V). Genetically distinct subclones are designated R1, R2, 
and so on. 
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and resistant cells at 1 uM marked with an asterisk (two-sided t-test; b, R3, R5, 
P<0.0001; c, R3, R5, P = 0.0004). d, Western blotting 20 min 

after GDC-0941 (0941) exposure shows that elevated pAkt $473 levels are 
suppressed in resistant lines by higher drug concentrations. e, f, Activated 
Notch1 (NICD) is reduced in resistant T-ALL cells (e), which are also resistant to 
compound E (f; dotted lines). The experiments in a—e were performed three 
times, and in f in duplicate. 


of Kras@!”” leukaemias (median 3 days), but was not efficacious in 
Kras“’ T-ALL". Treating mice with the same dose of PD901 (5 mg 
kg ‘day ') and GDC-0941 at the MTD of 125mgkg ‘day’ caused 
weight loss and severe anaemia (data not shown). To reduce tox- 
icity, we devised a protocol whereby mice received daily GDC-0941 
(100 mg kg! day ') as a ‘backbone’ in combination with intermittent 
PD901 (S5mgkg | given 4 days per week; see Extended Data Fig. 1c). 
This new regimen was evaluated in a second randomized trial that in- 
cluded 136 recipients of 12 Kras®”? and 5 Kras”" T-ALLs investigated 
in the previous single agent trial of GDC-0941 (Extended Data Table 1). 
Treatment with the GDC-0941/PD901 combination dramatically ex- 
tended the survival of mice transplanted with either Kras’ or Kras@’7? 
T-ALLs compared to the control vehicle (Fig. 2a, b). Examining the in- 
dividual Kras@’”? leukaemias showed that the GDC-0941/PD901 com- 
bination markedly extended the survival of recipients transplanted with 
T-ALLs that were initially sensitive to GDC-0941, and was also effica- 
cious in seven leukaemias that were unresponsive to GDC-0941 alone 
(Extended Data Table 1). 


Drug-resistant clones downregulate NICD 


Despite continuous treatment, recipient mice invariably died of refrac- 
tory T-ALL, which showed similar morphological and immunopheno- 
typic features to the respective parental leukaemia (Extended Data Fig. 4). 
We transplanted leukaemia cells from mice that succumbed after ini- 
tially responding to either GDC-0941 (n = 5) or to the GDC-0941/PD901 
combination (” = 5) into secondary recipients, retreated them, and found 
that none responded to treatment in vivo (Fig. 2c). On the basis of these 
functional data, we hereafter refer to leukaemias that emerged after an 
initial response to targeted agents as ‘resistant’. We analysed retroviral 
integrations to determine whether resistant T-ALLs exhibit clonal evo- 
lution. Southern blotting with a virus-specific probe revealed shared restric- 
tion fragments as well as one or more novel bands in many resistant 
leukaemias (Fig. 2d), and shotgun cloning of viral integration sites dem- 
onstrated insertions that were unique to or highly enriched in different 
resistant subclones (Extended Data Table 2). Clonal evolution was observed 
in 10 of 14 responsive T-ALLs, but not in the 7 primary T-ALLs that 
displayed de novo drug resistance (Extended Data Table 1). 

Reduced NICD expression in GDC-0941-resistant cell lines (Fig. le) 
led us to examine Notch] signalling in resistant T-ALLs that emerge 
in vivo. Indeed, western blot analysis revealed greatly reduced NICD 
expression in 19 of 31 (61%) independent resistant clones derived from 
8 parental T-ALLs (Fig. 3a and Extended Data Fig. 5a). Resistant T- ALLs 
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also showed markedly reduced levels of Myc, a downstream effector of 
activated Notch signalling strongly implicated in leukaemogenesis (Fig. 3a 
and Extended Data Fig. 5a)’. Expression profiling of 17 ‘NICD/Myc off 
resistant T-ALLs demonstrated downregulation of multiple Notch1 tran- 
scriptional target genes including Notch1, Notch3, Myc, Ptcra, Dtx1 and 
Il2ra compared with the corresponding parental leukaemia (Fig. 3b). 
Interestingly, Nrarp and Hes] transcript levels were stable or higher in 
resistant T-ALLs, a finding independently verified by quantitative real- 
time PCR (Fig. 3b and data not shown). This observation suggests that 
Nrarp and Hes1 expression is uncoupled from Notch1 pathway activa- 
tion in resistant T-ALLs. 

To determine whether resistant leukaemias are less dependent on 
Notch1 signalling, we exposed primary T-ALL cells to compound E 
ex vivo. Multiple resistant clones isolated from two parental T-ALLs 
showed reduced sensitivity to GSI treatment than the corresponding 
parental leukaemia (Fig. 3c and Extended Data Fig. 5b). We also cul- 
tured parental and resistant leukaemia cells in a range of GDC-0941 
concentrations with or without 0.1 uM of compound E. Whereas com- 
pound E cooperated with GDC-0941 to reduce the growth of parental 
T-ALLs, GSI treatment had no additive effects in the resistant clones 
(Fig. 3d and Extended Data Fig. 5c). 

We sequenced Notch! and found that mutations identified in the 
parental T-ALLs were unexpectedly absent or detected at greatly reduced 
levels in six independent resistant leukaemias derived from four parental 
T-ALLs (Fig. 3e). In addition, retroviral integrations within the Notch 
pathway genes Notch1, Aph1 (also known as Alph1) and Dtx1 were highly 
enriched in three resistant leukaemias with reduced NICD/Myc expres- 
sion, strongly implicating insertional mutagenesis as an alternative mech- 
anism of reduced Notch] signalling (Extended Data Fig. 5d and Extended 
Data Table 2). Importantly, resistant leukaemias with decreased or absent 
NICD and Myc expression were recovered from recipients treated with 
either GDC-0941 or with the GDC-0941/PD901 combination, suggest- 
ing that P13K inhibition imposes selective pressure to downregulated 
oncogenic Notch] signalling. 


Activated Notchl supresses PI3K signalling 


To address why Notch1 mutations that confer a clonal growth advant- 
age during leukaemogenesis might unexpectedly ‘switch’ to become 
deleterious when PI3K is inhibited therapeutically, we examined PI3K 
signalling in resistant T-ALLs with loss of NICD expression. Each par- 
ental and resistant T-ALL displayed a consistent pattern of protein phos- 
phorylation in independent recipient mice (Fig. 4a). Resistant leukaemias 
generally had reduced PTEN expression and biochemical evidence of 
PI3K pathway activation—characterized by elevated pAkt and pS6 levels— 
relative to the respective parental T-ALL (Fig. 4a). Some resistant leu- 
kaemias also showed increased pERK (Fig. 4a). Whereas GDC-0941 
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c Figure 3 | Resistant T-ALLs have impaired Notch1 
signalling and are resistant to compound E. 

a, Biochemical analysis of resistant clones (R1-R5) 
compared to parental JW81 (P). Each lane 
represents an independent sample (n = 2 for JW81, 
n = 3 for JW81 R1). b, Expression profiling of 
Notch] target genes in 17 parental/resistant 
leukaemia pairs (8 in duplicate). c, d, T-ALL 20M 
parental (20M P) and resistant clones were exposed 
to compound E (c) or to 0.1 4M compound E and 
different GDC-0941 concentrations (d) for 48 h. 
Error bars show s.e.m. of three technical replicates. 
e, Notch1 mutations (red arrows) in parental 
leukaemias (top) are absent or dramatically 
reduced in resistant leukaemias (bottom). 
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treatment markedly reduced BrdU incorporation by parental T-ALLs 
in vivo, resistant leukaemias continued to proliferate (Fig. 4b and Extended 
Data Fig. 2b). Parental T-ALL cells isolated from recipient mice expressed 
high levels of cleaved caspase 3 after overnight culture, which were fur- 
ther induced by exposure to GDC-0941 (Fig. 4c). Basal cleaved caspase 
3 levels were remarkably lower in resistant T-ALLs, but were induced 
by GDC-0941 exposure (Fig. 4c). Importantly, induction of cleaved cas- 
pase 3 in resistant T-ALLs correlated with the 5-50-fold higher con- 
centrations of GDC-0941 required to suppress pAkt (Fig. 4d and Extended 
Data Fig. 6). 

In T-ALL and during thymic development Notch1 upregulates Hes1, 
which enhances PI3K signalling by inhibiting Pten expression®’*. These 
data support the existence of selective pressure for resistant T-ALLs to 
retain Hes1 expression, even as they downregulated other Notch] target 
genes (Fig. 3b). We reasoned that outgrowth of leukaemic clones lack- 
ing NICD might reflect additional inhibitory crosstalk between these 
two oncogenic pathways. To address this question, we first investigated 
whether reducing Notch] activity modulates PI3K signalling in cell lines 
without PTEN expression. Indeed, exposing PTEN-deficient cell lines 
to compound E induced Akt phosphorylation (Fig. 4e). This response 
was not observed in BW, a T-ALL cell line lacking NICD expression 
(Fig. 4e), and was variable in T-ALL cell lines with intact PTEN expres- 
sion (Extended Data Fig. 7a, b). The reciprocal experiment of pharma- 
cologically inhibiting PI3K signalling did not alter NICD expression 
(Extended Data Fig. 7c). 

We next modulated Notch pathway activation in Jurkat T-ALL cells 
to assess the effects on GDC-0941 responses. Enforced expression of 
NICD enhanced sensitivity to GDC-0941 (Fig. 4f), which was also true 
in several other T-ALL cell lines (Extended Data Fig. 7d). By contrast, 
expressing a dominant-negative Mastermind protein (dnMAML) that 
blocks Notch] transcriptional activity conferred resistance to GDC-0941 
and increased pAkt levels (Fig. 4f, g). Consistent with these data, expos- 
ing Jurkat cells to 0.1 1M of compound E, which inhibits NICD but does 
not alter proliferation, antagonized GDC-0941-mediated growth inhibi- 
tion (Extended Data Fig. 7e, f). Importantly, exogenous NICD expression 
abrogated the ability of compound E to induce resistance to GDC-0941 
(Extended Data Fig. 7g). 


Discussion 


To our knowledge, this is the first example in which in vivo treatment 
with a targeted anticancer agent selected for resistant clones lacking acti- 
vation of a major oncogenic pathway involved in tumorigenesis (Fig. 4h). 
Parental leukaemias expressing NICD activate Myc and other Notch1 
target genes (Fig. 4h, left). Many of these aggressive cancers respond to 
GDC-0941—either as a single agent or in combination with a MEK inhib- 
itor. However, all ultimately develop drug resistance, which is frequently 
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Figure 4 | Notch1 modulates PI3K signalling and GDC-0941 sensitivity. 

a, Western blot of JW81 and 2M and drug-resistant clones. Asterisks mark 
resistant T-ALLs with altered Notch] signalling. Resistant T-ALLs JW81-R2 
and -R3 lack the Notch1 mutation in JW81 and thus express a larger Notch] 
protein (top arrow) whereas mutant Notch] is smaller (bottom arrow). 
Resistant T-ALLs have increased pAkt $473 levels and four of five show reduced 
PTEN expression. b, BrdU incorporation is reduced in parental T-ALL cells 
upon in vivo treatment (*P = 0.004, two-sided t-test). c, Basal apoptosis levels 
are higher in parental T-ALLs exposed to GDC-0941 ex vivo (*P = 0.003, 
two-sided t-test) and are induced after drug exposure in resistant leukaemias. 


characterized by loss of NICD expression and enhanced activation of 
the PI3K/Akt/S6 signalling pathway (Fig. 4h, right). Biochemical and 
transcriptional downregulation of Notch] signalling occurred in over 
60% of resistant T-ALLs. The late acquisition of Notch1 mutations 
in murine T-ALLs’*”” is consistent with human studies showing that 
NOTCH] mutations are frequently cooperating events that may be absent 
at relapse’’. Similarly, this RIM model accurately recapitulates the branched 
clonal architecture observed in relapsed human leukaemia", as resistant 
T-ALLs isolated after in vivo drug treatment invariably shared multiple 
retroviral insertions with the corresponding parental T-ALL (Fig. 2d). 
In some instances, isolating the same resistant T-ALL from multiple 
independent recipient mice provided compelling evidence for treatment- 
induced selection of a pre-existing clone (Fig. 2d). However, MOL4070LTR 
is a replication competent retrovirus and new integrations might also 
contribute to resistance. 

We show that resistant T-ALLs restore activated PI3K/Akt signal- 
ling, but remain sensitive to high concentrations of GDC-0941. This 
paradigm of ‘on pathway’ but ‘off target’ resistance has been observed 
in advanced human cancers that recurred after treatment with tyrosine 
kinase inhibitors. For example, melanomas treated with Braf kinase inhib- 
itors deploy multiple genetic mechanisms to reactivate Raf/MEK/ERK 
signalling (reviewed in ref. 19). It is therefore theoretically possible that 
more potent or selective PI3K inhibitors could overcome acquired resis- 
tance in T-ALL. However, we administered GDC-0941 at the MTD, and 
deeper target inhibition might not be feasible owing to toxicity to nor- 
mal tissues. 

Resistant T-ALL cells downregulated Myc expression. As Myc directly 
binds and positively regulates the PTEN promoter in T-ALL*, loss of 
Myc expression might facilitate the outgrowth of GDC-0941-resistant 
cells through this mechanism. However, PTEN/Pten-negative T-ALL 
cell lines increased pAkt levels in response to compound E, which 
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b, c, Error bars show s.e.m. of =3 mice. d, pAkt $473 levels in T-ALL cells 
20 min after ex vivo GDC-0941 (0941) exposure. e, Dose-dependent decrease in 
NICD levels in T-ALL lines cultured with compound E (CE) for 72 h correlates 
with increased pAkt (three independent experiments). f, NICD expression 
enhances GDC-0941 sensitivity in Jurkat cells, while dnMAML reduces 
sensitivity compared to control vector (MIG). Error bars show s.e.m. of three 
experiments. g, Western blot showing NICD, dnMAML and pAkt $473 in 
Jurkat cells from f. h, Model of Notch1-PI3K crosstalk in sensitive and 
resistant T-ALLs. 


infers the existence of PTEN-independent inhibitory crosstalk between 
the Notch] and PI3K/Akt pathways. This idea is consistent with a recent 
report showing that Notch] inhibits Akt activation by enhancing asso- 
ciation with the PP2A phosphatase in Jurkat cells*®. Furthermore, en- 
forced expression of Myc did not recapitulate the enhanced sensitivity 
to GDC-0941 induced by NICD (Fig. 4fand Extended Data Fig. 7d; data 
not shown). While it is unclear how resistant T-ALL cells compensate 
for loss of Myc expression, Pten loss or Akt activation overcomes the 
adverse effects of Myc withdrawal in a zebrafish model of T-ALL”. 
The unexpected observation that elevated NICD and Myc expression 
is dispensable for T-ALL growth in vivo might partially underlie the 
disappointing clinical efficacy of GSIs observed to date”. 

GDC-0941 prolongs the survival of recipient mice transplanted with 
primary T-ALL cells and drives clonal evolution in vivo, thereby vali- 
dating PI3K as a therapeutic target in this aggressive cancer. Together 
with a recent study implicating PI3K signalling in resistance to gluco- 
corticoids*, our data strongly support evaluating PI3K inhibition in 
T-ALL in combination with other anti-leukaemia agents. RAS muta- 
tions are commonly detected in early T-cell precursor ALL, an aggres- 
sive paediatric leukaemia with a high rate of treatment failure’’, and a 
recent study implicated NRAS mutations in T-ALL relapse”. We iden- 
tified oncogenic Kras mutations as a biomarker of resistance to GDC- 
0941 mono-therapy, and provide evidence that combining PI3K and 
MEK inhibitors might be beneficial in these challenging patients. Simul- 
taneously targeting the NOTCH] and PI3K/AKT pathways is a rational 
therapeutic approach in T-ALL*”*. Importantly, however, our data sug- 
gest that combination regimens might inadvertently undermine the effi- 
cacy of PI3K inhibitors by facilitating the survival and outgrowth of drug 
resistant clones. Given this, sequential treatment with a NOTCH1 path- 
way inhibitor to suppress NOTCH1 mutant clones found at diagnosis 
followed by PI3K/AKT inhibition is an appealing approach. Finally, 
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whereas the NOTCH] mutations found in T-ALL constitutively increase 
NOTCH signalling, inactivating mutations are implicated as ‘drivers’ 
in other human cancers”. Our studies therefore raise the provocative 
possibility that these loss-of-function NOTCH1 mutations contribute 
to tumorigenesis by aberrantly activating PI3K signalling. 


METHODS SUMMARY 


GDC-0941 was provided by Genentech and synthesized as previously described’. 
Compound E was purchased from Calbiochem. The PD0325901 used in these studies 
was synthesized by Shanghai Chempartner. All drugs were diluted in dimethylsul- 
phoxide (DMSO) for in vitro studies. To generate resistant cell lines, the E2 line was 
plated in 0.5 uM GDC-0941 in six individual wells. As the cells became confluent, 
they were passaged and the GDC-0941 dose was increased to generate resistant clones 
E2-R3, E2-R5 and E2-R6, all of which grow in lymphocyte growth medium (LGM) 
containing 60 1M GDC-0941. The Notch1 gene was amplified using primers 5'-A 
TAGCATGATGGGGCCACTA-3’ and 5'-CTCTGGAATGTGGGTGATCTGG-3' 
as previously described"’. Southern blotting and cloning of retroviral insertions were 
performed as described elsewhere"’. PCR products were sequenced by Quintara, and 
retroviral sequence tags were aligned against the University of California, Santa Cruz 
(UCSC) mm9 mouse reference genome assembly. All animal experiments conformed 
to national regulatory standards and were approved by the UCSF Committee on 
Animal Research. For T-ALL transplantation, 2 10° cells were injected retro- 
orbitally into male 8-12-week-old sublethally irradiated congenic recipient mice. For 
pharmacokinetic and pharmacodynamic studies, plasma was isolated from blood 
and the concentrations of GDC-00941 in each plasma sample were determined by 
anon-validated liquid chromatography/mass spectrometry/mass spectrometry (LC/ 
MS/MS) assay as previously described'*. Total Akt and pAkt S473 were measured by 
the Multi-Spot Detection System (Meso Scale Discovery). For preclinical testing, 
recipient mice were randomly assigned to receive control vehicle (0.5% hydroxy- 
propyl methylcellulose and 0.2% Tween 80), GDC-0941 as a single agent, or GDC- 
0941 combined with PD0325901. We performed gene expression profiling on 28 
independent parental and resistant mouse T-ALL tumours (Extended Data Table 3) 
using Affymetrix GeneChip HT MG-430 PM Affymetrix microarrays according to 
the manufacturer’s instructions. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Structural basis for the inhibition of the 


eukaryotic ribosome 


Nicolas Garreau de Loubresse!, Irina Prokhorova', Wolf Holtkamp”, Marina V. Rodnina’, Gulnara Yusupova! & Marat Yusupov! 


The ribosome is a molecular machine responsible for protein synthesis and a major target for small-molecule inhibitors. 
Compared to the wealth of structural information available on ribosome-targeting antibiotics in bacteria, our under- 
standing of the binding mode of ribosome inhibitors in eukaryotes is currently limited. Here we used X-ray crystallo- 
graphy to determine 16 high-resolution structures of 80S ribosomes from Saccharomyces cerevisiae in complexes with 12 
eukaryote-specific and 4 broad-spectrum inhibitors. All inhibitors were found associated with messenger RNA and 
transfer RNA binding sites. In combination with kinetic experiments, the structures suggest a model for the action of 
cycloheximide and lactimidomycin, which explains why lactimidomycin, the larger compound, specifically targets the 
first elongation cycle. The study defines common principles of targeting and resistance, provides insights into translation 
inhibitor mode of action and reveals the structural determinants responsible for species selectivity which could guide 


future drug development. 


In all living cells, ribosomes are large ribonucleoprotein assemblies re- 
sponsible for the accurate conversion of the genetic information encoded 
within mRNA into a corresponding protein. Although core functions 
of the ribosome are conserved in all kingdoms of life, eukaryotic ribo- 
somes are at least 40% larger than their bacterial counterparts with a 
total mass ranging from ~3.3 MDa (yeasts and plants) up to ~4.5 MDa 
(mammals)'*. The additional complexity of the eukaryotic ribosome 
structure is reflected in differences in terms of functions and aspects of 
translation and its regulation’. 

Given the central role of the ribosome in the cell, living organisms 
have elaborated defence strategies using small-molecule inhibitors to 
impair ribosomal functions. Decades of studies have revealed the great 
diversity of molecular mechanisms used by a multitude of antibacterial 
agents (antibiotics)*°. Atomic structures of prokaryotic ribosomes pro- 
vided the basis for the development of novel antibiotics and in turn 
ribosome inhibitors served as tools to study protein synthesis in bacteria’. 
Similarly, the eukaryotic ribosome is a major target for broad-spectrum 
and eukaryote-specific small-molecule inhibitors isolated from natural 
sources. Despite limited understanding of their molecular mechanism, 
eukaryote-specific ribosomal inhibitors are increasingly used in research 
and hold potential for new therapeutics against a wide range of infectious 
diseases, cancers and genetic disorders*”. 

To date, no structural data are available for small-molecule inhibitors 
in complexes with either the complete eukaryotic ribosome or its sub- 
units. Some eukaryote-specific inhibitors were investigated using crys- 
tals of the 50S subunit of the archaea Haloarcula marismortrui given its 
similarity with some parts of the eukaryotic ribosome’*"*. A previous 
X-ray study of the large subunit of Tetrahymena thermophila did not 
succeed to unambiguously place cycloheximide in its density due to 
limited resolution’>. To gain insight into the mode of action of ribosome 
inhibitors in eukaryotes and to identify principles for drug development, 
we determined 16 crystal structures at high resolution, up to 2.9 A, of 
the S. cerevisiae 80S ribosome in complexes with 12 eukaryote-specific 
and 4 broad-spectrum inhibitors (Fig. 1, Extended Data Figs 1-3 and 
Extended Data Table 1). The broad-spectrum inhibitors target the 
peptidyl transferase centre on the large subunit (blasticidin S), the 


decoding centre (geneticin G418) and the mRNA-tRNA binding site 
on the small subunit (pactamycin, edeine). Eukaryotic-specific inhibi- 
tors were chosen on the basis of their capacity to alter cell proliferation 
and/or protein synthesis and their selectivity restricted to eukaryotes. 
The list comprises cycloheximide, lactimidomycin, phyllanthoside, 
T-2 toxin, deoxynivalenol, verrucarin A, narciclasine, lycorine, nagi- 
lactone C, anisomycin, homoharringtonine and cryptopleurine. 

The present study illustrates the chemical diversity of the small- 
molecule inhibitors targeting the eukaryotic ribosome. All of them were 
systematically found in a clash with or in a close proximity to mRNA or 
transfer RNA (tRNA) binding sites on both subunits (Fig. 2a, b). In 
contrast to bacterial antibiotics, none were located in the peptide exit 
tunnel, which correlates with the increased number of rRNA modifica- 
tions in this region of the eukaryotic ribosomes’®. Although the 80S 
ribosome contains 1.4 MDa of additional features absent in bacteria, it is 
noteworthy that all eukaryote-specific inhibitors target primary func- 
tional sites. This observation highlights the role of nucleotide substitu- 
tions in the formation of eukaryotic-specific pockets in the core of the 
machinery. Remarkably, the structures also explain the predominance 
of resistance mutations found in ribosomal proteins in or near the 
inhibitor binding sites (Extended Data Table 2). In contrast to bacteria, 
the high-copy number of rDNA in eukaryotic genomes limits the 
appearance of point mutations in rRNA. Instead, resistance mutations 
emerge exclusively within ribosomal proteins, encoded by one or two 
genes, sometimes located further away and separated by a layer of 
rRNA nucleotides like in the case of protein uL3. Consequently, deve- 
lopment of drugs targeting the eukaryotic ribosome can be facilitated 
to prevent drug resistance by focusing on regions with the smallest 
number of proteins. 


The 60S tRNA E-site 


Among all three tRNA binding sites on the large subunit, the E-site is the 
most diverse across species, showing different nucleotide and protein 
content in bacteria, archaea and eukaryotes. Following peptide bond 
formation, this site accommodates deacylated tRNAs before their re- 
lease in the cytoplasm. 
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Figure 1 | Chemical structures of the 16 small-molecule inhibitors. 

a, Chemical structures of small-molecule inhibitors analysed in the study. 
Cycloheximide and lactimidomycin have an instrumental role in ribosome 


profiling experiments'*”°. Homoharringtonine is a marketed drug for the 
treatment of chronic myeloid leukaemia’’. Lycorine and narciclasine are 


The glutarimide inhibitors, cycloheximide and lactimidomycin, 
were located in the E-site on the large subunit in a pocket formed 
by universally conserved nucleotides of the 25S rRNA and a stretch 
of the eukaryote-specific protein eL42 (Fig. 3a). Lactimidomycin 
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alkaloids known for their medicinal and toxic properties**. T-2 toxin, 
deoxynivalenol and verrucarin A are widespread mycotoxins representatives of 
the three major trichothecenes subclasses”’. The aminoglycoside geneticin 
(G418) promotes the read-through of premature termination codons"'. 


bears an additional lactone ring that is positioned on top of eL42 and 
directed towards the subunit interface. Although chemically unrelated 
to glutarimides, phyllanthoside makes contact with the same rRNA 
nucleotides and interacts with eL42 in a manner resembling the tRNA 
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Figure 2 | Binding sites of inhibitors on the yeast ribosome. a, The binding 
sites can be grouped in four functional regions: the tRNA E-site and the 
peptidyl transferase centre (PTC) on the large subunit (60S) and the decoding 
centre (DC) and the mRNA channel on the small subunit (40S). View from 
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the subunit interface. b, All inhibitors target mRNA and tRNA binding 

sites. The tRNAs and mRNA (white) structures were taken from the PDB 
(Protein Data Bank) entries 3181 and 318H. Eukaryotic-specific inhibitors are 
marked with an asterisk. 
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Figure 3 | Structure and function of 60S tRNA E-site inhibitors. 

a, Cycloheximide (green) and lactimidomycin (pink) share the same binding 
site. Both structures are in agreement with resistance mutations in proteins 
eL42 (Pro 56) and uL15 (Gln 38) (red) and with the role of eL42 Lys 55 
monomethylation (red sphere)**’. b, Binding site of phyllanthoside (light 
blue). The asterisk indicates a putative covalent bond. c, Two bacterial-specific 
nucleotides, U2431 and A2432, prevent the binding of E-site inhibitors to 
the bacterial ribosome (PDB accession codes: 2AVY, 2AW7). d, E-site 
inhibitors prevent the binding of deacylated tRNA. The CCA tri-nucleotide 
(red) mimics the acceptor end of the deacylated tRNA. e, Inhibition of tRNA 
binding to the 80S E-site by lactimidomycin (blue) and cycloheximide 
(magenta). Controls without inhibitors (upper trace) and in the absence of 
80S ribosomes (lower trace) are also shown. f, Dissociation of tRNA?"*(Prf) 
from 80S E-site as induced by addition of excess of non-labelled tRNA*?* 
(black), cycloheximide (magenta) or lactimidomycin (blue). 


CCA-end (Fig. 3b). The electron density suggests the presence of a cova- 
lent bond between C2764 (C2394, Escherichia coli numbering) and 
phyllanthoside epoxide group. This observation is consistent with 
the described irreversible effect of the inhibitor on protein synthesis’’. 
The strict selectivity of E-site inhibitors towards eukaryotes is ex- 
plained by the presence of two bacterial-specific rRNA residues that 
occlude the binding pocket (Fig. 3c). In archaea, the orientation of the 
protein eL42 on the large subunit of H. marismotui would most probably 
preclude the binding of lactimidomycin and phyllanthoside (Extended 
Data Fig. 4). To localize the position of the E-site tRNA on the large 
subunit, we solved the structure of the yeast ribosome in complex with 
the tri-nucleotide CCA that mimics the acceptor end of the deacylated 
tRNA (Extended Data Fig. 5). The structures explain previous bioche- 
mical data showing that cycloheximide and lactimidomycin compete 
with the binding of the tRNA CCA-end in the E-site of the large subunit'® 
(Fig. 3d). Phyllanthoside probably has a similar mode of inhibition”. 


60S E-site accessibility for inhibitors 

Although cycloheximide and lactimidomycin bind to the same site 
and probably compete with the E-site tRNA, they affect translation in 
a different way. Lactimidomycin preferentially arrests ribosomes at 


ARTICLE 


the first peptide bond, whereas cycloheximide stalls ribosomes during 
ongoing translation'*”. 

To better understand this difference, we used a rapid kinetic approach 
to study the effects of both inhibitors on tRNA binding to the E-site with 
a fluorescently labelled tRNA (proflavin (Prf) tRNA heyat, Binding of 
tRNA?»*(Prf) to the 80S or 70S ribosomes resulted in an almost iden- 
tical rapid fluorescence change, reflecting the recruitment of the tRNA 
to the E-site, whereas transition from the E-site to the P-site was slow 
and not monitored (Extended Data Fig. 6a)””. When the ribosomes were 
pre-treated with lactimidomycin or cycloheximide, the rate of tRNA 
binding decreased, as expected for competitive inhibition (Fig. 3e). The 
apparent rates of tRNA binding decreased with the inhibitor concen- 
tration with a dose response curves, yielding Kj = 2.7 + 0.7 uM for 
lactimidomycin and K; = 0.1 + 0.05 uM for cycloheximide (Extended 
Data Fig. 6b). Although the value for lactimidomycin was in agreement 
with the published data, cycloheximide appeared to have a much higher 
efficacy than reported for mammalian ribosomes using a footprinting 
technique’’. Direct measurements of the binding affinity of cyclohexi- 
mide to yeast ribosomes using isothermal titration calorimetry yielded a 
Ka = 0.14 + 0.05 uM, in agreement with the result of our competition 
studies (Extended Data Fig. 6c). 

Next, we tested whether the accessibility of the E-site plays a role. 
We followed the dissociation of tRNA’"*(Prf) from 80S ribosomes 
upon addition of cycloheximide or lactimidomycin (Fig. 3f). Upon 
addition of cycloheximide, tRNA’"*(Prf) was rapidly removed from 
the E-site, indicating that the inhibitor can rapidly exchange with 
tRNA. In contrast, lactimidomycin did not induce tRNA dissociation, 
suggesting that its binding to 80S ribosomes is inhibited when the E-site 
is occupied by deacylated tRNA. Clearly, tRNA*"(Prf) can un-bind 
from the E-site within the observation time; however, its re-binding 
appears to be faster than the accommodation of lactimidomycin in the 
E-site. The structure of lactimidomycin with its additional lactone ring 
may obstruct the binding of the inhibitor to the E-site, making lactimi- 
domycin a ‘slow’ inhibitor that can efficiently bind only in the absence 
of the physiological competitor, that is, during the first elongation cycle. 
Our data demonstrate that the size of the glutarimide compounds 
dictates their accessibility to the ribosome and consequently their mode 
of action. 


The peptidyl transferase centre 


Targeted by the majority of antibiotics, the catalytic centre of the ribo- 
some located on the large subunit is exclusively composed of highly 
conserved rRNA nucleotides. The reaction of peptide bond formation 
requires the two substrates, that is, aminoacyl-tRNA and peptidyl-tRNA, 
to be properly aligned in the A-site and P-site of the peptidyl transfer- 
ase centre, respectively. 

In contrast to blasticidin S which binds in the P-site of the large 
subunit in the same way in bacteria and archaea, numerous eukaryote- 
specific inhibitors were found associated with the A-site of the peptidyl 
transferase centre (Fig. 4a and Extended Data Fig. 7)”. Remarkably, 
chemically diverse inhibitors share a similar mode of binding within 
the pocket. Upon binding, all A-site inhibitors induce a similar pat- 
tern of structural rearrangements in their direct vicinity that propagate 
up to 15 A away from the peptidyl transferase centre (Extended Data 
Fig. 8a). The common structural scaffold of trichothecenes inhibitors, 
represented by T-2 toxin, deoxynivalenol and verrucarin A, mediates 
all major contacts with rRNA residues in the binding pocket (Fig. 4b). 
The acetate-based substituents of T-2 toxin are pointing towards the 
peptide tunnel entrance, whereas the verrucarin A large macrocycle 
extends further towards the macrolide binding site in bacteria. Lyco- 
rine, narcilasine and homoharringtonine are plant alkaloids sharing 
similarities, including a dioxol-pyrroline group (Fig. 4c). In contrast to 
trichothecenes, the three alkaloids adopt a distinct conformation in the 
pocket where the dioxol-pyrroline group is positioned differently. 
These findings suggest that the dioxol-pyrroline group might play a 
specific role such as being a recognition motif for enzymes in the alkaloid 
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Figure 4 | Structures of 60S peptidyl transferase centre inhibitors. 

a, Blasticidin S binds to the 60S tRNA P-site, whereas T-2 toxin, 
deoxynivalenol, verrucarin A, lycorine, narciclasine, homoharringtonine, 
nagilactone C and anisomycin are clustered in the 60S tRNA A-site. b, Binding 
site of T-2 toxin (green), deoxynivalenol (orange) and verrucarin A (cyan). 

c, Binding site of narcilasine (purple), lycorine (blue), homoharringtonine (pale 
cyan). The arrows highlight the location of the dioxol-pyrroline group. 

d, Binding site of nagilactone C (blue). e, The conformation of U2504 in 
bacteria (PDB accession codes: 2AVY, 2AW7) closes the binding site to 

the eukaryotic-specific A-site inhibitors. f, A-site inhibitors hinder 
aminoacyl-tRNA positioning in the peptidyl transferase centre. The Phe-tRNA 
structures were taken from PDB accession codes 2WDG, 2WDL. 


biosynthetic pathway. Nagilactone C shares all the features of A-site 
inhibitors (Fig. 4d). Finally, homoharringtonine and anisomycin binding 
is conserved between archaea and eukaryotes; however, some variations 
were found in the anisomycin vicinity (Extended Data Fig. 8b). 
Consistent with structural data obtained from the archaeal 50S sub- 
unit, the identity of 25S rRNA residue 2397 (2055) is suggested to in- 
fluence the conformation of U2873 (U2504) that dictates the binding of 
either bacterial-specific or eukaryotic-specific inhibitors (Fig. 4e)"*. In 
bacteria, the residue 2397 (2055) is a cytosine, whereas an adenine is 
found in 96% of eukaryotes. Of therapeutic interest, the remaining 4% 
of eukaryotes might be sensitive to antibacterial drugs instead of eukar- 
yotic inhibitors, such as Giardia species”. Most A-site inhibitors were 
found to impair peptide bond formation during translation elongation 
(Extended Data Table 1). Superimposition of aminoacyl-tRNA struc- 
tures shows that the entrance of the amino acid moiety in the peptidyl 
transferase centre is hindered by the presence of A-site inhibitors (Fig. 4f). 


The decoding centre 


The decoding centre of the ribosome forms a geometrically restricted 
pocket that accurately selects aminoacyl-tRNA in accordance with 
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Figure 5 | Structures of 40S mRNA and tRNA inhibitors. a, The 
aminoglycosides binding site is different in eukaryotes. Secondary structure 
diagrams of helix 44 from bacteria (16S rRNA, left) and from yeast and human 
(18S rRNA, right). b, Geneticin (blue) binds to helix 44 and induces the flipping 
out of A1755 and A1756 (orange). c, The conformation of G1645 in yeast 18S 
rRNA restricts the binding of aminoglycosides bearing a 6’ amino group in ring 
I, as shown for neomycin (pink, PDB accession code: 3QAN). d, The 
conformation of A1754 in yeast restricts the binding of aminoglycosides 
bearing a 5’’ hydroxyl group in ring III, as shown for paromomycin (blue, PDB 
3UZ3). e, Edeine adopts a different conformation on the bacterial (blue, PDB 
1195) and eukaryotic ribosome (yellow). f, Pactamycin (green) and 
cryptopleurine (purple) share the same binding site in the 40S E-site. Natural 
mutations in the C-terminal part of protein uS11 (red) confer resistance to 
cryptopleurine*’. The mRNA structure was taken from PDB accession code 
4KZZ. 


mRNA codons positioned in the A-site”>”*. In bacteria, aminoglycosides 
antibiotics alter translation accuracy and inhibit tRNA translocation by 
perturbing the conformation of the decoding centre nucleotides. Besides 
their potent activity against Gram-negative bacteria, the aminoglyco- 
side-induced suppression of premature termination holds potential for 
the treatment of inherited disorders caused by nonsense mutations”. 

The canonical aminoglycoside binding site is located within the 
internal loop of helix 44 of 18S rRNA, which is part of the decoding 
centre that contains the essential and universally conserved nucleotides 
A1755 (A1492) and A1756 (A1493). In close vicinity, two nucleotides 
differ between bacteria and eukaryotes, but are identical in yeast and 
humans: G1645 (A1408) and A1754 (G1491) (Fig. 5a)**”’. 

The large class of aminoglycosides can be divided in three subgroups 
according to their chemical structures: kanamycins, neomycins and 
gentamicins*’, We chose geneticin (G418) as a representative of kana- 
mycins with high affinity for the eukaryotic ribosome. Geneticin binds 
into the aminoglycoside pocket and induces the flipping out of A1755 
and A1756 (Fig. 5b). The structure highlights direct interactions 
between geneticin ring I and the eukaryote-specific residues G1645 
and A1754. 
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Figure 6 | Inhibitors action during protein synthesis in eukaryotes. Schematic showing the steps of protein synthesis in eukaryotes impaired by the small- 


molecule inhibitors. 


Although some aminoglycosides exhibit broad-spectrum activity 
against both bacteria and eukaryotes, most of them remain poorly or 
not active on eukaryotic cytosolic ribosomes. This resistance mech- 
anism observed within the class is attributed to the aforementioned 
structural differences present in eukaryotes. We demonstrate that the 
conformation of G1645, which is different from the conformation of 
A1408 in bacteria, acts as a barrier on the eukaryotic ribosome by pre- 
venting the accommodation of aminoglycosides with a 6’-substituent 
in ring I different from hydroxyl (Fig. 5c). This finding confirms previ- 
ous results on low inhibitory activity of aminoglycosides in eukaryotes”’. 
In line with this, most kanamycins and all gentamicins contain an 
amino group or a carbon side chain at this position responsible for 
their limited effect on the eukaryotic ribosome. However, some mem- 
bers of the neomycin family, such as paromomycin, contain a 6’- 
hydroxyl substituent and yet remain poorly active on the cytosolic 
eukaryotic ribosomes. We identified a second structural barrier to neo- 
mycin binding: in comparison to bacteria, A1754 is shifted in eukaryotes 
due to a non-canonical interaction with C1646. Consequently, A1754 
prevents the accommodation of the 5’’-hydroxyl group in ring III some- 
times present in neomycins, which provides an explanation for the bio- 
chemical data (Fig. 5d)**. 


The mRNA and tRNA binding sites 


Additional rRNA elements and proteins have led to important re- 
modelling of the small subunit structure in eukaryotes, which serves 
as a platform for numerous protein factors and participates actively 
in translation initiation. During initiation, the subunit binds to and 
moves along the mRNA 5’ untranslated region to search for the proper 
start codon. 

In bacteria, edeine binds between the P-site and the E-site of the 
small subunit and impairs the binding of initiator tRNA to the P-site 
during initiation**”’. In the yeast ribosome, edeine binds to the same 
region but adopts a markedly different conformation than on the bac- 
terial 30S subunit (Fig. 5e). Located almost exclusively in the E-site, the 
binding pocket is formed by 18S rRNA nucleotides positioned in the 
mRNA path. Edeine affects translation differently in prokaryotes and 
eukaryotes in keeping with the fact that the mechanism of initiation is 
markedly distinct. Indeed, edeine interferes with start codon recognition 
by promoting continuous scanning of the 40S subunit and preventing 
subunit joining’. Thus, mRNA and edeine may simultaneously bind to 
the 40S subunit to promote scanning and prevent initiator tRNA inter- 
action with the start codon. 

Pactamycin and cryptopleurine are located exclusively in the 40S 
E-site and share the same binding pocket that overlaps in part with the 
edeine binding site. Both inhibitors are found in the mRNA channel in 
the E-site and interact with the ribosome by stacking with the residue 
G904 of 18S rRNA (Fig. 5f). Pactamycin is a broad-spectrum inhibitor 


with binding mode conserved in bacteria and eukaryotes. On the 
other hand, cryptopleurine was described as a eukaryote-specific inhib- 
itor’’. The structure of cryptopleurine bound to yeast ribosome in the 
present functional state does not provide the basis for its specificity. 
The location of pactamycin and cryptopleurine imply that they act on 
the step of translocation from the P-site to the E-site and may also 
affect initiation in eukaryotes. It remains to be shown whether the 
translocation inhibition is promoted by hindering mRNA and/or 
tRNA movement. 


Conclusions 


This study provides a complete atomic description of 16 inhibitors 
bound to the yeast ribosome, highlighting common principles of tar- 
geting and shedding light on their binding sites, modes of action, 
determinants of species selectivity and resistance. By targeting exclu- 
sively mRNA and tRNA binding sites on both subunits, small-molecule 
inhibitors impair several ribosome functions mainly, but not exclusively, 
during the elongation cycle (Fig. 6). 

In conjunction with kinetic experiments, we demonstrate that the 
size of glutarimide inhibitors dictates their binding to the ribosome at 
specific stages of elongation, resulting in different effects on trans- 
lation. This model may have direct implications for other ribosome 
inhibitors in eukaryotes and in bacteria. For example, in the peptidyl 
transferase centre A-site, a similar mechanism may explain why ani- 
somycin (small) and homoharringtonine (large) share the same bind- 
ing site but block different stages of elongation”®. 

Similarly to antibiotics acting against the bacterial ribosome, 80S 
ribosome inhibitors are sophisticated tools to study protein synthesis 
in eukaryotes”. Our study highlights general principles for drug tar- 
geting and provides foundations for structure-based drug design. 
These structures will facilitate the development of next-generation 
antibiotics with reduced adverse effects and new therapeutics against 
infectious diseases, cancers and genetic disorders caused by premature 
termination codons*. High-resolution X-ray crystallography of the 
80S ribosome opens a new area of investigation—a large number of 
ribosome inhibitors certainly remain to be discovered and analysed. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Early turbulent mixing as the origin of chemical 
homogeneity in open star clusters 


Yi Feng’ & Mark R. Krumholz! 


The abundances of elements in stars are critical clues to stars’ origins. 
Observed star-to-star variations in logarithmic abundance within 
an open star cluster—a gravitationally bound ensemble of stars in 
the Galactic plane—are typically only about 0.01 to 0.05 over many 
elements’°, which is noticeably smaller than the variation of about 0.06 
to 0.3 seen in the interstellar medium from which the stars form'* “. 
It is unknown why star clusters are so homogenous, and whether homo- 
geneity should also prevail in regions of lower star formation efficiency 
that do not produce bound clusters. Here we report simulations that 
trace the mixing of chemical elements as star-forming clouds assem- 
ble and collapse. We show that turbulent mixing during cloud assem- 
bly naturally produces a stellar abundance scatter at least five times 
smaller than that in the gas, which is sufficient to explain the observed 
chemical homogeneity of stars. Moreover, mixing occurs very early, 
so that regions with star formation efficiencies of about 10 per cent 
are nearly as well mixed as those with formation efficiencies of about 
50 per cent. This implies that even regions that do not form bound 
clusters are likely to be well mixed, and improves the prospects of using 
“chemical tagging’ to reconstruct (via their unique chemical signatures, 
or tags) star clusters whose constituent stars have become unbound 
from one another and spread across the Galactic disk. 

The question of how star clusters become chemically well mixed has 
received relatively little attention. With a few exceptions’’, work to date 
has been limited to simple analytic estimates"®, or to calculations omit- 
ting star formation and self-gravity’”’*. To improve this situation, we 
have performed a series of simulations of star cluster formation including 
hydrodynamics, gravity, and optically thin radiative heating and cool- 
ing. Our simulations use the ORION code'*’, with a new implementa- 
tion of particle-mesh gravity (Methods, Extended Data Figs 1 and 2). We 
use initial conditions based on the ‘colliding flow model”. We consider 
a region containing gas of number density ny = 1 cm’ * (mass density 
Po = 2.1 X 10 **gcm *) with initial temperature T = 5,000 K. The gas 
has a random turbulent velocity v,,,,,. for which we consider two values: 
0.17 and 1.7 kms. 1; we refer to runs with these values as S and L, for small 
and large turbulence, respectively. In addition to the turbulent velocity, 
we set up two cylindrical regions 32 pc long and 32 pc in radius, centred 
on the x axis, with their closer ends separated by 64 pe, within which the 
gas has a uniform velocity vy = 9.2kms_ ', directed towards the other 
cylinder. To trace chemical mixing, the simulation includes two passive 
scalars Q; and Qr, which have initial abundances of 1 within the left and 
right cylinders, respectively, and 0 elsewhere. In addition to these two 
simulations with smooth initial conditions, we also run a simulation C 
(for clumpy)”’, in which we randomly add cold clumps one coarse cell in 
radius with a filling fraction of 0.05 and a number density n. = 132.5cm~*; 
at this density the equilibrium temperature is such that the pressure is 
in equilibrium with that of the warm low-density background. Full details 
of the simulations are given in Methods. 

The overall evolution of our simulations is very similar to previous 
colliding flow simulations'***”? (Fig. 1). The two streams of gas converge 
rapidly, and compression of material at the heads of the two cylinders 
leads to thermal instability and the formation of a cold phase even before 
the two flows collide. For runs S and L, the two streams collide just before 


10 Myr of evolution, and this produces a dense, cold, turbulent layer that 
is gravitationally unstable. The layer begins to form stars at ~19 Myr 
in run S, and approximately 50% of the gas in the two streams has been 
converted to stars by ~25 Myr of evolution (Extended Data Fig. 3). In 
run L, star formation begins at ~25 Myr, and follows a similar time evo- 
lution to run S thereafter. In run C, the two streams collide at ~6 Myr 
because the dense cold phase is less decelerated by the warm phase. Star 
formation begins immediately after collision, and ~40% of the gas in 
the two streams has been converted to stars by ~13 Myr of evolution. 
We note that all our simulations have star formation rates that exceed 
observationally inferred values**”*, but we select this scenario for exam- 
ination precisely because its rapidity minimizes the time available to fully 
mix out chemical inhomogeneities. Our results should therefore rep- 
resent lower limits on the true amount of mixing. 

By the onset of star formation, the interaction region where the flows 
have collided is reasonably well mixed by the turbulence (Fig. 1). The ratio 
of passive scalar concentrations R = Q;/Qa is very broad for material at 
densities up to~10 ** gcm_ *, reflecting the broad range of abundances 
in low-density gas. However, in gas with densities of ~10 7! gcm™* or 
higher, the range of compositions is dramatically reduced (Fig. 2). For 
the densest gas, the full range in R is at most a decade, and the vast major- 
ity of the mass is spread over an even smaller range. This densest gas is 
produced in regions where the two flows are converging and mixing 
efficiently, and it is these regions that produce stars. 

To assess how this affects stellar abundances, we note that the abun- 
dance scatter for some element in a collection of stars is formally defined 


a 1/2 
as S, = by (log a.,i —log a.) /N| , where the sum runs over all N 


stars present at any time, a«; is the abundance of that element in star i, 
and log a, =1/N S-> ; log a,.; is the mean of the logarithmic abundance 
over all stars. To compute this quantity from our simulations, let ay and 
Ap be the abundances of some element of interest in the left and right 
streams, respectively. Without loss of generality, we can choose ay, < dp. 
For each star i formed in the simulations, we know the masses My, and 
Mg; contributed by each stream. The abundance a«, of that star is there- 
fore a+; = (a,Mzj; + dpMp;)/(M1,i + Mp). Note that the actual values 
of ay, and ap need not be chosen before the simulations are run, since 
the only quantities actually measured from the simulations are M,,;and 
Mr,. We can therefore use a single simulation to compute S« for an arbi- 
trary value of the gas abundance ratio, ap/a,, (see Extended Data Fig. 4). 

We show in Methods that the dependence of S. on ap/ay is character- 
ized by two limiting cases: when ap/ay, ~ 1, we have S« ~ 20 ySg = SgopeSg. 
Here Y; = Mp,/(M,; + Mg,) is the mass fraction in star i provided by 


the right stream, oy = ,/>—> (Y;— Y;) y N is the dispersion of the Y; 
values, and we have eens the gas scatter as Sy = { (log ay —log ay) 


+ (log ap —log ae 2} , where log a, = (log a, + log ag) /2 is the 
mean logarithmic abundance in the two streams. In the opposite limit, 
when ag /a,>1, we have S« ~ Oiogy = Siimits Where Giogy is the disper- 
sion of log Y;. Intuitively, the reduction in abundance scatter is at its 
minimum when the gas is close to homogenous already, and Sjope char- 
acterizes the factor by which the gas abundance scatter is reduced in this 
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limit. The quantity Sjmit is the maximum possible stellar abundance 
scatter no matter how inhomogeneous the gas is. 

We define the star formation efficiency ¢ = M+/2M;np where Ms is the 
total stellar mass and Mn+ is the mass in one of the streams; Ming = 6.5 
x 10?Mo in runs S and L, and 4.9 x 10*Mg in run C (Mo is the solar 
mass). The general evolution of both Sjimit and Sgope with ¢ in run S isa 
rapid rise from 0 as the first stars form (Fig. 3), followed by a rapid fall 
by the time ¢ reaches ~0.02. At values of ¢ > 0.1, we have Sjimit < 0.4 
and Syope S 0.3, indicating that a relatively small abundance inhomo- 
geneity will be reduced by a factor of at least 3 in the star formation 
process, and that even a very large inhomogeneity will produce at most 
~0.4 dex of scatter in the resulting stars. By the time the star formation 
efficiency reaches ~30%, the reduction in scatter is close to a factor of 
5, and the absolute upper limit on the scatter is ~0.2 dex. In run L, the 
stronger turbulence delays the onset of star formation and allows more 
rapid mixing at early times, so the stellar scatter starts small and very 
gradually increases with time. However, it is always smaller than at the 
corresponding value of ¢ in run S. Similarly, Sjmit is smaller in run C 
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Figure 1 | Slices through 
simulation S at a variety of times, 
showing the total density and the 
densities of the passive scalar fields. 
a, Gas density p in run S on slices in 
the x-y (left column) and y-z (right 
column) planes. The rows show 
increasing times in the simulation, as 
indicated in each row. b, Density of 
passive scalars pQ; (red) and pQr 
(blue) at the same times and in the 
same planes as in a. The densities of 
the two tracers have been mapped to 
the red and blue channels of the 
image, so that cells containing equal 
contributions from the two streams 
appear as purple, with the intensity of 
the purple colour proportional to the 
logarithm of the total density. In 
contrast, cells dominated by one 
passive scalar or the other appear as 
red or blue in colour. 
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than in runS, probably due to the stronger global collapse in the clumpy 
run'*. However, S.jope is nearly identical in runs S and C. This suggests 
that clumpiness does not alter the amount of mixing much where S,<1. 
We have also conducted convergence studies to verify that our results for 
mixing are robust against changes in numerical resolution (Methods, 
Extended Data Figs 5 and 6). 

Figure 3 indicates that the process of star formation leads to a great 
deal of chemical homogenization as soon as even very modest star for- 
mation efficiencies are achieved. For realistic efficiencies, which are prob- 
ably in range ~ 10-50% on the scale of star clusters”®, we should expect 
the abundance scatter to be reduced by at least a factor of ~4—6 com- 
pared to that in the gas from which the stars are formed, and even in the 
most chemically inhomogeneous environments the scatter will be no 
more than a few tenths of a dex. Since observed gas abundance scatters 
are S, ~ 0.06-0.3 dex over size scales of ~0.1-1 kpc (refs 10-14), a factor 
of ~5 reduction in the stellar abundance scatter compared to this is 
sufficient to fully explain the observed scatter S+ ~ 0.01-0.05 dex seen 
in open clusters and moving groups. 


Figure 2 | Distribution of gas in simulation S 

in density and mixing ratio at two different 
times. The colour in each two-dimensional pixel 
indicates the relative fraction of mass in the 
corresponding bin of (p, R), where R = Q;/Qg is 
the ratio of the two passive scalars. Panel a shows 
the result at t = 9.8 Myr, just as the two streams are 
beginning to collide, and panel b shows the result at 
t = 22.2 Myr, just after the onset of rapid star 
formation. Note that some of the features seen in 
b, including the streaks near R ~ 3 X 10 ° and 
R= 10 ',are transients due to the chaotic nature 
of the mixing process. Similar features appear 

at other times and for different simulation 
resolutions, but they come and go essentially 
randomly. Only the must more prominent 
structure near R = 0 is persistent. 
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Figure 3 | Two measures of the stellar abundance scatter as a function of 
star formation efficiency in simulations S, L and C. a, S.iope versus star 
formation efficiency ¢, where S.ope indicates the factor by which the gas 
abundance scatter S, is reduced by star formation in the limit where S,<1. 
b, Siimit Versus star formation efficiency ¢, where Sjimit is the maximum possible 
stellar abundance scatter in the gas where S,>>1. 


Moreover, our results are also very encouraging for the prospects of 
chemical tagging as a method of reconstructing the star formation his- 
tory of the Milky Way, and for identifying potential ‘solar siblings’— 
stars born in the same cluster as the Sun’””*. We find that both Sjmit and 
Sslope reach values of ~0.1—0.3 even at low star formation efficiencies of 
~0.1, and that the degree of mixing increases only modestly as ¢ rises 
from ~0.1 to ~0.5. Since star formation sites with ¢ ~ 0.1-0.3 are prob- 
ably the progenitors of the majority of field stars, while those with ¢ ~ 0.5 
probably represent the sites of bound cluster formation, our results imply 
that the clusters and moving groups that have been studied for chem- 
ical homogeneity thus far are not atypical in their degree of chemical 
mixing. They are at most marginally better mixed. Thus it is likely that 
even those stars that did not form in bound clusters will be chemically 
similar to their neighbours formed at the same point in space and time, 
and that these unique chemical signatures can serve as a fingerprint to 
identify these common formation sites even as stars disperse through- 
out the Galaxy. Indeed, with a group finding technique” and high reso- 
lution data, recent work” shows evidence that chemical tagging of field 
stars does identify coeval groups of stars. We discuss the implications 
and broader context of our work in more detail in Methods. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Water vapour absorption in the clear atmosphere of a 


Neptune-sized exoplanet 


Jonathan Fraine’*?, Drake Deming", Bjorn Benneke®, Heather Knutson’, Andrés Jordan’, Néstor Espinoza’, 


Nikku Madhusudhan’, Ashlee Wilkins! & Kamen Todorov® 


Transmission spectroscopy has so far detected atomic and molecular 
absorption in Jupiter-sized exoplanets, but intense efforts to measure 
molecular absorption in the atmospheres of smaller (Neptune-sized) 
planets during transits have revealed only featureless spectra’ *. From 
this it was concluded that the majority of small, warm planets evolve to 
sustain atmospheres with high mean molecular weights (little hydro- 
gen), opaque clouds or scattering hazes, reducing our ability to observe 
the composition of these atmospheres’ °. Here we report observations 
of the transmission spectrum of the exoplanet HAT-P-11b (which has 
a radius about four times that of Earth) from the optical wavelength 
range to the infrared. We detected water vapour absorption at a wave- 
length of 1.4 micrometres. The amplitude of the water absorption 
(approximately 250 parts per million) indicates that the planetary 
atmosphere is predominantly clear down to an altitude correspond- 
ing to about 1 millibar, and sufficiently rich in hydrogen to havea large 
scale height (over which the atmospheric pressure varies by a factor of 
e). The spectrum is indicative of a planetary atmosphere in which the 
abundance of heavy elements is no greater than about 700 times the 
solar value. This is in good agreement with the core-accretion theory of 
planet formation, in which a gas giant planet acquires its atmosphere 
by accreting hydrogen-rich gas directly from the protoplanetary nebula 
onto a large rocky or icy core’. 

We observed transits of HAT-P-11b’ (mass, M, = (25.8 + 2.9)M@ 
(Me, Earth mass); radius, R, = (4.37 + 0.08)Re@ (Re, Earth radius); 
equilibrium temperature, T., = (878 + 50) K) ina joint programme involv- 
ing NASA’s Hubble and Spitzer space telescopes. Our Hubble obser- 
vations comprised 1.1-1.7 um grism spectroscopy using the Wide Field 
Camera 3 (WFC3) in spatial scanning mode. We also integrated these 
data over wavelength to produce WFC3 photometry’**. Our Spitzer 
observations comprised photometry during two transits in each of the 
3.6 and 4.5 um bands of the Infrared Array Camera’ (IRAC). Because 
the planet lies in the field of view of NASA’s Kepler spacecraft’’, pre- 
cision optical photometry (~642 nm) was obtained simultaneously with 
our Spitzer observations, although not simultaneously with our Hubble 
observations. Table 1 summarizes specific details of our observations, and 
Fig. 1a shows our transit photometry and model fits. Because HAT-P-11 
is an active planet-hosting star'’”’’, we show that starspots on the stellar 
surface are not sufficiently cool, nor sufficiently prevalent, to mimic the 
effect of water vapour absorption in the planet’*. Our simultaneous Spitzer 
and Kepler photometry was critical to defining the temperature of the 
starspots that could otherwise, potentially mimic the effect of water 
vapour absorption in the planetary atmosphere. 

HAT-P-11b crosses starspots on virtually every transit'*’’, as seen 
prominently Fig. la. Our WFC3 photometry has the sensitivity to detect 
starspot crossings”, but none were observed when Hubble observed the 
system. Our WFC3 observations contain large temporal gaps because 
Hubble passes behind the Earth’ **”*, but not during the transit. Therefore, 
unocculted starspots, rather than occulted ones, potentially affect our 
transmission spectrum’*’’. When the planet blocks unspotted portions 


12,13 
t 


of the stellar photosphere, the absorption lines in cool unocculted spots 
become relatively more prominent'*”’. 

Figure 1a shows the binned and normalized light curves of our four 
simultaneous Kepler-Spitzer transits and our WFC3 band-integrated 
light curve. We fitted analytic transit light curves to all of time series 
with PyMC’* to generate Markov chain Monte Carlo (MCMC) distri- 
butions to estimate the planetary parameters’’”’. We reanalysed the 
phased and binned Kepler data using improved limb-darkening coef- 
ficients derived from stellar model atmospheres”’. To fit the Spitzer and 
WEC3 transits, we held the orbital distance and inclination constant at 
our Kepler-derived values. Although the uncertainties in the Kepler- 
derived parameters were smaller than in previous studies», our pur- 
pose was to implement the updated limb-darkening law and derive 
orbital parameters for all of our observations. 

Each of the Kepler light curves obtained concurrently with our Spitzer 
observations shows starspot crossings as deviations in the light curves 
between ~0.3 and 0.7 h after mid-transit. The amplitude of these devia- 
tions is a function of both the area and the temperature of the occulted 
spots'~*, Because the Kepler and Spitzer photometries were concurrent, 
the relative intensity is independent of the starspots’ areas. However, 
because the contrast between starspot temperature and the photosphere 
is a chromatic effect, the amplitude of these deviations varied with 
wavelength’*"”. The spot crossings are not obvious in the Spitzer data 
because thermal radiation produces a much smaller contrast between 
the stellar photosphere and spot fluxes in the infrared than in the optical. 
The ratio between the Spitzer and Kepler spot crossing amplitudes con- 
strained lower limits on the starspot temperatures for the crossed starspots. 

Weincluded the relative shape of the spot crossings, sliced from each 
residual Kepler light curve, and scaled their amplitudes as free para- 
meters in our MCMC analysis with our Spitzer transits. The distribu- 
tions of the Spitzer/Kepler spot crossing amplitude ratios are shown in 
Fig. 1b. The dashed black lines represent the predicted spot crossing 
amplitude ratios for given spot temperature contrasts. We calculated 
these temperatures by representing the spots using model stellar atmo- 
spheres at various temperatures”. Using y difference (5” ) tests, we indir- 
ectly detected spot crossings only at 3.6 1m because only these Spitzer 
observations resulted in positive, bounded photosphere-to-spot tem- 
perature contrasts. The 4.5 jum Spitzer observations are consistent with 
zero, or a non-detection at infrared wavelengths. These measurements, 
especially the non-detections, imply that the starspots crossed during 
each transit are too hot to mimic water vapour absorption features in 
the planetary spectrum’*”*. Our starspot analysis is described in Methods 
along with the distribution of Kepler spot crossing amplitudes, for com- 
parison with those observed concurrently with Spitzer. 

The activity of HAT-P-117''’ produces variations in the total 
brightness of the star owing to the rotation of spots in and out of view, 
which will change the band-integrated transit depth measured at differ- 
ent epochs. If the relative stellar brightness at the epoch of each obser- 
vation is known, then the transit depths can be corrected toa common 
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Table 1 | Summary of observations 
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Date (UT) Start time End time Observatory (instrument) Band pass (4m) Spectral resolution Cadence (s) Number of observations 

7 Jul. 2011 23:11:42 06:37:52 Warm Spitzer 3.6 ~4 0.4 62,592 
(IRAC Channel 1) 

5 Aug. 2011 07:02:48 14:28:58 Warm Spitzer 45 ~4 0.4 58,112 
(IRAC Channel 2) 

15 Aug. 2011 01:49:20 09:15:30 Warm Spitzer 3.6 ~4 0.4 52,633 
(IRAC Channel 1) 

29 Aug. 2011 17:37:18 01:03:28 Warm Spitzer 4.5 ~4 0.4 62,592 
(IRAC Channel 2) 

18 Oct. 2012 17:37:18 01:03:28 Hubble 1.13-1.64 ~60-89 123 113 

(WFC3 G141) 
24 Dec. 2012 23:56:56 03:05:58 Hubble 1.13-1.64 ~60-89 123 99 


(WFC3 G141) 


We observed HAT-P-11b during four warm Spitzer observations, two transits at both 3.6 and 4.5 jum with the IRAC instrument, and two observations using the Hubble WFC3 G141 grism spectrometer, spanning 
1.1-1.7 pm. Concurrent Kepler observations were retrieved for comparison with our warm Spitzer observations, but were unavailable for our Hubble spectroscopic observations. 


value. Kepler measured HAT-P-11’s relative brightness during all four 
Spitzer observations, but not during our WFC3 observation. The un- 
known stellar brightness during this observation introduced an addi- 
tional uncertainty in our estimate of the WFC3 transit depth, relative 
to the Spitzer and Kepler observations, of +51 p.p.m. In Fig. 2, the off- 
set between the WFC3 spectrum and the best-fit model is ~93 p.p.m. 
on average. 

Figure 2 shows our HAT-P-11b transmission spectrum with Kepler, 
WEC3 and Spitzer transits combined. We constrain the atmospheric 
composition using the SCARLET tool, which is a new version of the 
Bayesian retrieval framework described in previous studies**”*. Our 
primary results are a robust 5.10 detection of water absorption in the 
WEC3 data and a 30 upper limit on HAT-P-11b’s atmospheric metal- 
licity (the proportion by mass of elements heavier than hydrogen and 
helium) of ~700 times the solar metallicity’, corresponding to a mean 
molecular weight of ~10.2 g mol | at the 10 mbar level (Fig. 3). Trans- 
mission spectra of selected atmospheric models”? are plotted for a 
comparison with the observations in Fig. 2, with colour-matched sym- 
bols in Fig. 3. Although the significance of the water vapour detection 
is unaffected by uncertainties in the stellar activity because all wave- 
lengths in the water band are measured simultaneously, this uncer- 
tainty made it prohibitively difficult to place robust constraints on the 


methane and carbon dioxide abundances and, therefore, the C/O ratio 
of HAT-P-11b’s atmosphere”. 

Figure 3 shows that constraints on the atmospheric metallicity and 
cloud-top pressure are correlated. Atmospheric compositional scen- 
arios along a curved distribution agree with the data at 30, spanning a 
range of atmospheric metallicities from 1 to 700 times the solar metal- 
licity. Figure 2 shows that a representative 10,000-times-solar (water- 
dominated) spectrum is robustly excluded by the data. The high mean 
molecular weight of this atmosphere would not allow the significant 
water absorption feature observed in the WFC3 band pass. 

We found that models with atmospheric metallicities correspond- 
ing to solar metallicity require the presence of small-particle hazes to 
match the HST and Kepler data points simultaneously. The fit to the 
data improves towards higher metallicities, reaching the best-fit value 
at 190 times solar metallicity. The presence of the water absorption feature 
in the WFC3 spectrum requires that any cloud deck must be at an 
altitude higher than the 10 mbar pressure level (Fig. 3), and the Kepler 
and Spitzer transit depths impose a similar lower limit on the cloud top 
pressure. 

The atmospheric and bulk compositions of exoplanets provide impor- 
tant clues to their formation and evolution. Mass and radius alone do not 
provide unique constraints on the bulk compositions of these planets, 
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Figure 1 | White-light transit curves and starspot crossing temperature 
estimates. a, Transit curves from the Hubble WFC3 and warm Spitzer, aligned 
in phase and shifted in flux for clarity. The four warm Spitzer transits at both 3.6 
and 4.5 tm (ref. 9) are binned for illustration. Starspot crossings are seen as 
deviations near +0.5h in the Kepler photometry (blue). b, We estimated the 
starspot temperatures by dividing the Spitzer transit residuals by the Kepler 
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transit residuals (colours as in a). The dashed lines represent the photosphere- 
to-starspot temperatures for three stellar model atmospheres”. Water vapour 
has been detected in sunspots as cool as 3,000 K, corresponding to a contrast 
of ~1,800 K here”. There is essentially no starspot temperature that can 
produce sufficiently strong water absorption to mimic our result. 
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Figure 2 | The transmission spectrum of HAT-P-11b. a, Our WFC3 
observations show transit depth variations in agreement with a hydrogen- 
dominated atmosphere. The coloured, solid lines*** correspond to matching 
markers displayed in Fig. 3. The error bars represent the standard deviations 
over the uncertainty distributions. An atmosphere with a high mean molecular 
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Figure 3 | Spectral retrieval results of our transmission spectrum. The 


coloured regions indicate the probability density as a function of metallicity 
(relative to solar) and cloud-top pressure derived using our Bayesian 
atmospheric retrieval framework”’**. Mean molecular weight was derived for a 
solar C/O ratio at 10 mbar. Black contours mark the 68%, 95% and 99.7% 
Bayesian credible regions. The depth of the observed water feature in the WFC3 
spectrum required the presence ofa large atmospheric scale height that can only 
be self-consistently obtained for an atmospheric metallicity below 700 times 
solar at 30 (99.7%) confidence. The atmosphere is probably predominately 
cloud-free at least down to the 1 mbar level. We indicate the matching models 
plotted in Fig. 2 with coloured markers. 
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mass (dark blue line) is ruled out by our observations by >30. The WFC3 
spectrum was allowed to shift, as a unit, over these uncertainties. R,, stellar 
radius. b, Detailed view of our WFC3 spectrum. For the purposes of visually 
comparing the spectral significance, we shifted all of the models by 93 p.p.m. in 
the grey region in a and in b. 


which are degenerate for various combinations of rock, ice and hydro- 
gen gas’’. By measuring the mean molecular weight of the atmosphere 
using transmission spectroscopy, we can resolve these degeneracies 
and provide stronger constraints on the interior compositions of these 
planets***””?8. Observations of water vapour dominate the shape of the 
infrared spectral features for warm (planetary temperature, T, ~ 1,000 K) 
exoplanets. In contrast, the featureless transmission spectra observed 
for several similarly small planets'*'° (R, ~ 3R@-4R@) imply that scat- 
tering hazes, clouds or high mean molecular weights exist in those atmo- 
spheres, obscuring absorption features*”*** and limiting our ability to 
understand their interiors directly°**””. HAT-P-11b is the smallest and 
coldest planet with an absorption signature measured by transmission; 
this allows the estimation of its atmosphere’s mean molecular weight, 
providing new insights into the formation history of this Neptune-mass 
planet??*?7-*°. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 


Received 4 April; accepted 7 August 2014. 


1. Knutson, H. et a/. A featureless transmission spectrum for the Neptune-mass 
exoplanet GJ 436b. Nature 505, 66-68 (2014). 

2. Kreidberg, L. et al. Clouds in the atmosphere of the super-Earth exoplanet 
GJ1214b. Nature 505, 69-72 (2014). 

3. Knutson, H. et a/. Hubble Space Telescope near-IR transmission spectroscopy 
of the super-Earth HD 97658b. Preprint at http://arxiv.org/abs/1403.4602 
(2014). 

4. Ehrenreich, D. et al. Near-infrared transmission spectrum of the warm-Uranus 
GJ 3470b with the Wide Field Camera-3 on the Hubble Space Telescope. Preprint 
at http://arxiv.org/abs/1405.1056v3 (2014). 

5. Moses, J. et a/. Compositional diversity in the atmospheres of hot Neptunes, with 
application to GJ 436b. Astrophys. J. 777, 34 (2013). 

6. D'Angelo, G., Durisen, R. H. & Lissauer, J. J. in Exoplanets (ed. Seager, S.) 319-346 
(Univ. Arizona Press, 2010). 


©2014 Macmillan Publishers Limited. All rights reserved 


23. 


24. 


. Fraine, J. D. et al. Spitzer transits of 


. Patil, A., Huard, 


. Ford, E. Improving the efficiency of 


. Castelli, F. & Kurucz, R. New grids 0 


Bakos, G. et al. HAT-P-1 1b: a super-Neptune planet transiting a bright K star in the 
Kepler field. Astrophys. J. 710, 1724-1745 (2010). 

Deming, D. et a/. Infrared transmission spectroscopy of the exoplanets 

HD 209458b and XO-1b using the Wide Field Camera-3 on the Hubble Space 
Telescope. Astrophys. J. 774, 95 (2013). 

Fazio, G. et al. The Infrared Array Camera (IRAC) for the Spitzer Space Telescope. 
Astrophys. J. 154, 10 (2004). 


. Borucki, W. et a/. Kepler Planet-Detection Mission: introduction and first results. 


Science 327, 977-980 (2010). 


. Knutson, H., Howard, A. & Isaacson, H.A correlation between stellar activity and hot 


Jupiter emission spectra. Astrophys. J. 720, 1569-1576 (2010). 


. Deming, D. etal. Keplerand ground-based transits of the exo-Neptune HAT-P-1 1b. 


Astrophys. J. 740, 33 (2011). 


. Sanchis-Ojeda, R. & Winn, J. Starspots, spin-orbit misalignment, and 


active latitudes in the HAT-P-11 exoplanetary system. Astrophys. J. 743, 61 
(2011). 


. Bernath, P. Water in sunspots and stars. /nt. Astron. Union Symp. 12, 70 


(2002). 


. Berta, Z. etal. The GJ1214 super-Earth System: stellar variability, new transits, and 


a search for additional planets. Astrophys. J. 736, 12 (2011). 
he super-Earth GJ1214b and implications for 
its atmosphere. Astrophys. J. 765, 127 (2013). 


. Sing, D.eta/. Hubble Space Telescope transmission spectroscopy of the exoplanet 


HD 189733b: high-altitude atmospheric haze in the optical and near-ultraviolet 
with STIS. Mon. Not R. Astron. Soc. 416, 1443-1455 (2011). 

D. & Fonnesbeck, C. PyMC: Bayesian stochastic modelling in 
Python. J. Stat Softw. 35, 4-85 (2010) 


. Ford, E. Quantifying the uncertainty in the orbits of extrasolar planets. Astron. J. 


129, 1706-1717 (2005). 
arkov chain Monte Carlo for analyzing the 
orbits of extrasolar planets. Astrophys. J. 642, 505-522 (2006). 

ATLAS9 model atmospheres. Preprint at 
http://arxiv.org/abs/astro-ph/0405087 (2004). 


. Husser, T.-O. et al. A new extensive library of PHOENIX stellar atmospheres and 


synthetic spectra. Astron. Astrophys. 553, A6 (2013). 

Benneke, B. & Seager, S. Atmospheric retrieval for super-Earths: uniquely 
constraining the atmospheric composition with transmission spectroscopy. 
Astrophys. J. 753, 100 (2012). 

Benneke, B. & Seager, S. How to distinguish between cloudy mini-Neptunes and 
water/volatile-dominated super-Earths. Astrophys. J. 778, 153 (2013). 


25. 
26. 
27: 
28. 
29. 


30. 


Acknowledgements J.F., AJ. and N.E. acknowledge support from project IC 
‘Millennium 


LETTER 


Madhusudhan, N. et al. A high C/O ratio and weak thermal inversion in the 
atmosphere of exoplanet WASP-12b. Nature 469, 64-67 (2011). 
Madhusudhan, N. C/O ratio as a dimension for characterizing exoplanetary 
atmospheres. Astrophys. J. 758, 36 (2012). 
Rogers, L. & Seager, S. A framework for quantifying the degeneracies of exoplanet 
interior compositions. Astrophys. J. 712, 974-991 (2010). 

Fortney, J. eta/. A framework for characterizing the atmospheres of low-mass low- 
density transiting planets. Astrophys. J. 775, 80 (2013). 

Chiang, E. & Laughlin, G. The minimum-mass extrasolar nebula: in situ 
formation of close-in super-Earths. Mon. Not R. Astron. Soc. 431, 3444-3455 
(2013). 

Hu, R. & Seager, S. Photochemistry in terrestrial exoplanet atmospheres. III. 
Photochemistry and thermochemistry in thick atmospheres on super Earths and 
mini Neptunes. Astrophys. J. 784, 63 (2014). 


20009 
nstitute of Astrophysics (MAS)’ of the Millennium Science Initiative, 


Chilean Ministry of Economy; FONDECVYT project 1130857; and BASAL CATA PFB-06. 
N.E. is supported by CONICYT-PCHA/Doctorado Nacional. We thank P. McCullough for 
his assistance in the planning and execution of our observations. We are grateful to 

|. Crossfield, L. Kreidberg and E. Agol for providing their open-source, Python code 


banks on their individual websites. We are also grateful for discussions with 


. Line, 


J. Fortney and J. Moses about the nature of photochemistry and interior structures. We 


thank the ATLAS and PHOE! 


IX teams for providing stellar models. We also thank the 


SciPyand NumPy associations for providing extensive and rigorous numerical routines 


for an assortment of mathematical and computational 


Author Contributions J.F. led the data analysis 


echniques. 


or this project with contributions from 


D.D., H.K., N.E., AJ. and AW. A.W. supplied Hubble spectral fitting routines and 
interpretations. N.E. and AJ. supplied Python routines for MCMC, wavelet and transit 


curve analyses specific to transiting exoplanets. 


D.D., H.K., N.E. and AJ. provided 


computational equipment and administration. D.D., N.M., H.K. and K.T. successfully 


applied for and provided data from Hubble. B.B. and N. 


. provided atmospheric 


models and accompanying fits. B.B. performed atmospheric retrieval analysis and 
provided figures and interpretations. N.E. supplied stellar limb-darkening coefficients 
calculated from both ATLAS and PHOENIX models. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 


Readers are welcome to commen 


on the online version of the paper. Correspondence 


and requests for materials should be addressed to J.F. (jfraine@astro.umd.edu). 


25 SEPTEMBER 2014 | VOL 513 | NATURE | 529 


©2014 Macmillan Publishers Limited. All rights reserved 


1 sid Mal Be 


doi:10.1038/nature13698 


Placing an upper limit on cryptic marine 


sulphur cycling 


D. T. Johnston', B. C. Gill?, A. Masterson!, E. Beirne’, K. L. Casciotti®, A. N. Knapp* & W. Berelson? 


A quantitative understanding of sources and sinks of fixed nitrogen in 
low-oxygen waters is required to explain the role of oxygen-minimum 
zones (OMZs) in controlling the fixed nitrogen inventory of the global 
ocean. Apparent imbalances in geochemical nitrogen budgets’ have 
spurred numerous studies to measure the contributions of hetero- 
trophic and autotrophic N2-producing metabolisms (denitrification 
and anaerobic ammonia oxidation, respectively)”’. Recently, ‘cryptic’ 
sulphur cycling was proposed as a partial solution to the fundamental 
biogeochemical problem of closing marine fixed-nitrogen budgets 
in intensely oxygen-deficient regions*. The degree to which the cryp- 
tic sulphur cycle can fuel a loss of fixed nitrogen in the modern ocean 
requires the quantification of sulphur recycling in OMZ settings. Here 
we provide a new constraint for OMZ sulphate reduction based on 
isotopic profiles of oxygen ('°O/'°O) and sulphur (*°S/°S, *4S/°7S) in 
seawater sulphate through oxygenated open-ocean and OMZ-bearing 
water columns. When coupled with observations and models of sul- 
phate isotope dynamics and data-constrained model estimates of OMZ 
water-mass residence time, we find that previous estimates for sulphur- 
driven remineralization and loss of fixed nitrogen from the oceans 
are near the upper limit for what is possible given in situ sulphate 
isotope data. 

The ocean’s budget of fixed nitrogen (primarily nitrate [NO3_], nitrite 
[NO, ]andammonium [NH,*]) is predominantly controlled by the rates 
of biological dinitrogen (N>) fixation and N> production by denitrifica- 
tion and anaerobic ammonia oxidation (anammox). Rates of anammox 
(converting NH,” and NO, to N3) arguably compete with denitrifi- 
cation (reducing NO3_ to N32) for the NO, used in N, production””’, 
although the flux of NH,” supplied from the remineralization of organic 
matter by denitrification is in areas insufficient to fuel anammox*. The 
role of the sulphur cycle was championed as a partial solution to the 
fundamental biogeochemical problem of closing marine fixed-nitrogen 
budgets in intensely oxygen-deficient regions, such as the Chilean OMZ*. 
The proposed involvement of sulphur cycling was aptly termed ‘cryptic’ 
for two reasons: first, the oxygen-deficient waters off the Chilean coast 
are devoid of free sulphide, H,S—the terminal metabolic product of sul- 
phate (SO,”) reduction—and, second, thermodynamic calculations 
favour respiration with oxidants such as NO; over that of sulphate 
reduction. Evidence for cryptic sulphur cycling has come from micro- 
bial community analyses and shipboard incubations. Community-level 
pyrosequencing of DNA from waters within the Chilean OMZ indicated 
the presence of core sulphate reduction and sulphide oxidation genes’. 
In addition, an array of sulphide-amended shipboard incubations dem- 
onstrated active sulphate reduction and sulphide oxidation in waters 
retrieved from the OMZ. Shipboard incubation experiments are a classic 
method of evaluating metabolic rates, and they underpin constraints on 
the nitrogen cycle as well’*. However, in nitrogen cycling, the rates mea- 
sured by shipboard incubations have been substantiated by geochemical 
measurements and modelling”. The corrected sulphate reduction rates 
derived from ex situ incubation experiments (after accounting for sul- 
phide oxidation) suggested that the cryptic sulphur cycle is responsible 


for up to ~30% of the carbon remineralization within the Chilean OMZ 
and is therefore a substantial new source of NH,” for anammox. If cor- 
rect, these rates would be globally significant for marine elemental budgets. 

The impact of sulphur cycling can be directly tested through evaluating 
the stable isotope systematics of seawater sulphate. The O and S isotopic 
compositions of SO,” are time-integrated recorders of biogeochem- 
ical processing. These isotope records preserve complementary, yet uni- 
que, information. Sulphate S isotopes primarily preserve the metabolic 
fingerprint of dissimilatory sulphate reduction, which commonly occurs 
in marine sediments and where the metabolite sulphide is depleted in 
heavy isotopes, leaving the residual sulphate enriched®. Further, the exam- 
ination of *’S provides additional leverage on biogeochemical activity, 
permitting differentiation between contributions from oxidative and 
reductive metabolisms’. Conversely, sulphate O isotopes are primarily 
controlled by equilibration between water and a redox intermediate, 
sulphite®. Sulphite has a central role in oxidation reactions but is also a 
requisite intermediate in reductive reactions. Microbial cycling there- 
fore results in the enrichment of '°O in residual sulphate (that is, seawater 
sulphate). This O-isotope enrichment accompanies cycling even in the 
absence of net sulphate reduction (that is, intracellular recycling). Thus, 
the potential exists for a cryptic sulphur cycle to be recorded in the oxy- 
gen isotopic composition of sulphate within OMZs. 

To investigate the significance of sulphur cycling in OMZs, we provide 
an isotopic characterization of modern seawater sulphate (OO cst 
5S uphate and A*'Ssuiphate where A*?S = 8°?Sneas — 1,000((1 + 8°4S reas! 
1000)°°!° — 1) and 8°°S, ,eas is a measured value; Fig. 1). An accumu- 
lation of work dating back half a century (standardized herein) pro- 
vides a context for evaluating these signals. Here we conducted a new, 
comprehensive characterization of S and O isotopes, including 33¢ in 
seawater sulphate from nearly 200 samples collected from ten different 
water-column profiles in the modern ocean. Taken together, we estab- 
lish a strongly constrained average composition for seawater sulphate: 
5! °Oguiphate = +8.67%o (+0.21, 10), 8 Scuiphate = +21.15%o (+0.15, 1a), 
and AS etek = +0.048 (+0.006, 1a). These samples range in dissolved 
oxygen and oxidized nitrogen concentrations ([NO3 ] +[NO, ]) from 
essentially zero up to 250 and 45 uM, respectively. Two of these water 
columns (Eastern Tropical South Pacific (ETSP) stations 11 and 25) inter- 
sect regions experiencing significant oxygen depletion (as evident through 
the accumulation of nitrite, expression of a N deficit, and elevated 8'°Nyos3 
values; Extended Data Fig. 3). 

Studies of the marine sulphur cycle illustrate the long residence time and 
slow turnover of S and O in sulphate (~ 10’ and 10° years, respectively*"®), 
especially when placed in the context of much shorter oceanic mixing 
times (~ 1,000 years). It is therefore expected that both the S and O com- 
positions of marine sulphate will be well mixed except in regions where 
biological cycling overcomes water mass circulation and mixing. Statis- 
tical analyses of our data show that OMZ samples are isotopically indis- 
tinguishable in ©" Onuigtiatee anne and gg eee from the global 
mean composition (95% confidence level; Fig. 1 and Extended Data Fig. 4). 
This homogeneity remains true whether comparing different depths and 
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Figure 1 | Establishing the isotopic composition of seawater sulphate. 

a, Water-column profiles of 3"*Osuiphate through two OMZ settings (ETSP 
stations 11 and 25) as a function of oxygen concentrations. Samples for this 
study are from the Bermuda Atlantic Time-series Study site, the Sampling and 
Analysis of Fe (SAFE) site, Eastern Tropical South Pacific stations 5, 6, 11 
and 25, GEOTRACES stations 3-SS and 11, Angola upwelling station 18, 
and tropical South Atlantic station 1. Results are shown as means + lo. 

b, c, Histograms of new (black) and published (white) 8’ O sulphate data 


water masses within a single water-column profile or comparing similar 
water depths from multiple profiles including OMZ-bearing and well- 
ventilated water masses. 

The lack of a clear OO sighae signal places direct constraints on the 
significance of a water-column sulphur cycle. A quantitative context 
derived from microbial (pure and mixed) culture experiments’? and 
marine sediments’*’” defines the expected isotopic change in 8 Osalshats 
as sulphate is cycled. Of the two, marine sedimentary pore waters may 
provide the most closely analogous system to an open-ocean water column 
and define a range of responses in 3" ’Osuiphate as sulphate is consumed. 
However, both approaches (culture experiments and pore waters) yield 
essentially the same result. The reduction and cycling of sulphate always 
results in an enrichment in gd ee eres most often approaching +25%bo 
(water = 0%o versus Vienna Standard Mean Ocean Water (VSMOW); 
Fig. 2). This holds true in the presence and absence of sulphide oxida- 
tion reactions'*’’. Thus, even in the absence of net sulphate reduction 
(that is, when reduction equals oxidation—the postulated cryptic sul- 
phur cycle), sulphur cycling by sulphate-reducing bacteria in the water 
column should drive an increase in Br Osis (ref. 8). This character- 
istic a Onin response has been documented in nearly 200 pore-water 
measurements in which both O isotopes and sulphate concentrations 
are available. In environments where sulphate reduction rates are low, such 
as those expected in the water column of an OMZ and commonly pre- 
served in sediment pore waters, a strong nonlinear increase in 8 Onaeiste 
accompanies sulphate consumption”. The best example of this beha- 
viour is from diatomaceous sediments underlying the Angola—Benguela 
current (Fig. 2)'°. Conversely, an almost linear increase in © Oniteiers 
is associated with relatively high sulphate reduction rates, such as those 
captured in organic-rich sediments from the Gulf of Mexico (Fig. 2)’’. 
In this study we present these data as end-member responses and explore 
a variety of different forms of the fit (such as exponential, power and 


54S 


‘sulphate (%o) 


(b, c) and A*?S values (c) for a larger suite of water-column profiles; this study 
further serves to establish the isotopic composition of seawater sulphate. 
Colours in c are same as in a (with grey samples from oxygenated water 
columns), all included with 1¢ errors. Note that published data sets did not 
sample OMZ environments. The histogram in c is from SO-SO,-based 
analyses, whereas data points plotted are from SF,-based analyses (this study 
amends between SO; and SFg scales). 


Michaelis-Menten) between 8 Quiiehats and sulphate concentrations 
for the different sulphate reduction rates. We conservatively choose a 
simple one-phase decay model (least-squares ordinary fit) to describe 
the data. 

We posit that quantifying the OB Obuipnars response to sulphate reduc- 
tion permits the development of an in situ prediction for the integrated 
consequences of cryptic sulphur cycling. This prediction is a function 
of the vigour with which sulphate is processed, and if one considers that 
any parcel of water has a finite residence time within the OMZ (t, in 
days), this ‘vigour’ can be translated to a rate of sulphate reduction. Here 
we perform a set of simple calculations based on two features: first, the 
expected 8 Ogienae response (in per mille) to sulphate consumption 
(in millimolar; Fig. 2), and second, the published residence times of water 
in the ETSP OMZ relative to mixing and advection (1-10 years”'”’). The 
sharpness of this approach is primarily then limited by the precision of the 
isotopic measurement and estimates of t. Because no significant change 
in Osiiphate was observed in the OMZ relative to well-ventilated water 
masses, we ask the question: how large an isotopic excursion in 0 Owens 
could have been produced while remaining statistically unresolvable, and 
what rate of sulphate reduction does that correspond to? The capacity 
to identify a 8" Ocuiphats anomaly will be related to the average analyt- 
ical uncertainty for any single measurement (better than 0.2%o) and the 
sample density (m) through the interval of interest. Further, each water 
column carries a unique mean, a normally distributed variance (of ~0.13%0 
(1e)), anda standard error of ~0.03%o (Extended Data Fig. 4). Because 
we are interested in an intra-water-column 8" Oxciphate signal, we assign 
a value of 0.13%b to the resolvable 8" Oxatstiate threshold signal, but note 
that our conclusions do not qualitatively change with the choice of a 
slightly larger or smaller value (see the sensitivity test in Extended Data 
Fig. 5). Given the expected low overall rates of sulphate reduction in a 
water column and the rarity with which even marine-sediment pore-water 
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Figure 2 | Pore-water 5'°O profiles. Two models were developed to quantify 
the isotopic response of sulphate reduction. They are derived from the 
compilation of 199 measurements of pore-water sulphate concentration and 
3" Ocuphate profiles (small white circles in a). To normalize the data to various 
bottom-water sulphate concentrations, we first plot them as a relative fraction 
of sulphate reduced (f). At the individual pore-water profile level, two types 
of down-core behaviour are present. A majority of the data show a strong 


O Ondsnes data follow the ‘high sulphate reduction rates (SRR)’ trajec- 
tory, we take the ‘low SRR’ model from Fig. 2 as a guide (note that using 
the ‘high SRR’ model increases predictions of sulphate reduction rates 
about fivefold). Thus, our prediction for the maximum sulphate reduc- 
tion rates possible in the ETSP OMZs is between 6.4 X 10 * and 6.4 X 
10° *mmolm~*d~' at water mass residence times of 1 and 10 years, 
respectively (Fig. 3). These limits on in situ sulphate reduction rates over- 
lap those experimentally extracted from the Chilean upwelling’ (Fig. 3). 

The cryptic nature of the sulphur cycle—that is, the absence of detect- 
able water-column sulphide—requires that rates of chemoautotrophic 
sulphide oxidation match those of sulphate reduction in space and time. 
The putative rates of sulphate reduction in OMZ settings therefore carry 
important implications for our understanding of OMZ biogeochemistry’. 
For example, the amount of nitrate consumption required to balance a 
sulphide oxidation rate of 1 mmol$ m7? d"' could account for a large 
fraction of the estimated N loss from the ETSP*. If sulphide oxidation 
were coupled to complete denitrification (NO3 to N;), the oxidation 
oflmmolSm *d ' would produce a flux of 0.8 mmol Nz m 7d lor 
up to ~30% of estimates of total nitrate loss’. In parallel, chemoauto- 
trophic sulphide oxidation is indeed prevalent where free sulphide (from 
sedimentary sources) accumulates within coastal ETSP waters; however, 
in these settings sulphate reduction is spatially decoupled from the point 
of subsequent sulphur oxidation. Unlike conditions found in the ETSP 
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Figure 3 | Model predictions for the maximum allowable rate of sulphate 
reduction. Predicted SRRs as a function of water mass residence time based on 
8° O sulphate constraints. The line represents the minimum detectable SRR for 
a given t (using the low-SRR model from Fig. 2), or a maximum possible rate 
that would not carry a resolvable 3'8O guiphate effect. Also included are the 
rate estimates from shipboard experiments at the Chilean upwelling’, stations 3 
and 5, without a prescribed residence time. 


532 | NATURE | VOL 513 | 25 SEPTEMBER 2014 


10 20 28 
Sulphate consumed (mmol |") 


nonlinearity (low relative rates of sulphate reduction), whereas a minority 
approach a more linear trend (very high rates of sulphate reduction)”. The red 
and blue data sets’*'* serve as an example of each. b, Model fits (and 95% 
confidence intervals) to these data. Our 8'°O,. represents the isotopic 
composition at any given degree of sulphate consumed, so is analogous to that 
which is directly measurable in marine pore waters. 


OMZ, the location of chemoautotrophic sulphide oxidation in coastal 
waters generally occurs at the interface between nitrate-reducing and 
sulphate-reducing waters”**. The occurrence of active sulphate reduction 
in the presence of nitrate and nitrite thus remains an intriguing puzzle. 
This puzzle may be in fact rectified through further work targeting the 
role of microenvironments within sinking particulate matter. 

Although the predicted 8 Ousistate signal in the ETSP OMZ was at 
or just below detection with our current approach, the 5'°O effect pre- 
dicted here is captured in other saline environments (for instance, Fram- 
varen Fjord” and Blood Falls, Antarctica”®) and serves as an independent 
geochemical tool with which to track key biogeochemical processes in 
OMZ settings. Other direct tests, such as those for the N and O isotopes 
of nitrate and nitrite, provide independent estimates of the relative rates 
of nitrate and nitrite reduction” and detail the capacity of the nitrogen 
cycle to accommodate an oxidative sulphur cycle. If nitrate reduction is 
largely coupled to sulphide oxidation, then the isotope effect of nitrate 
reductase in those organisms (note that periplasmic nitrate reductase and 
respiratory nitrate reductase are present in many sulphur oxidizers and 
SUP05 (ref. 28)) will dictate the expressed slope of the 5!°Nno3 versus 
5'Ono3 signal that defines OMZ environments”. Finally, sulphide 
production in the ETSP OMZ, even if transient, might also be expected 
to serve as a sink for chalcophile trace elements; however, studies on 
elements such as cobalt and nickel show nutrient-like behaviour rather 
than inorganic scavenging’’. OMZ environments thus remain a biogeo- 
chemical conundrum in terms of closing mass-balance on key nutrient 
and major element cycles, especially fixed nitrogen. Solving this conun- 
drum remains a critical challenge, given the importance of these settings 
in the overall chemical budget of the ocean; this is a role that only stands 
to increase as the climate of our planet warms. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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METHODS 


Sample source and handling. The details for each site are provided in Extended 
Data Table 1. Once seawater samples arrived at Harvard, a concentrated (1 M) BaCl, 
solution was added to water samples to remove the sulphate as BaSO,. This barite 
precipitate was then filtered out of the water, briefly acidified (to remove potentially 
co-precipitated BaCO;), dried and weighed. The original volume of seawater and 
the final mass of BaSO, precipitate were used to calculate sulphate concentration. 
Analysis of standards and replicates suggests a 2o uncertainty of 4% for sulphate 
concentration estimates, which is 1.12 mM at a seawater concentration of 28 mM. 
As the purpose of this work was to evaluate the potential for sulphate reduction, 
we performed a simple analysis to examine whether a change in sulphate concen- 
trations is present in these data. This would be a signal for net sulphate reduction 
(second only to the observation of sulphide in the water column). Where metadata 
were available, we normalized sulphate concentrations to chloride concentrations 
(Extended Data Fig. 1). On most cruises, practical salinity was reported. We con- 
verted these data to an estimate of chloride content in the following manner. The 
average Cl concentration of the ocean is 19.353 (g/kg), with a Practical Salinity (PSU) 
of 35.159 (gkg” '). This yielded a ratio of 1.817, which we used to convert PSU mea- 
sured on the ship back to Cl”. We then converted sulphate concentrations to g kg” * 
to maintain consistency with units. Our average SO,” (gkg ')/Cl” (gkg’ +) was 
~0.148. Given the error for sulphate contents, a 1 mM change in sulphate concen- 
tration would result in a 0.005 change in the sulphate/chloride ratio (within 2¢ of 
the mean). There was a weak yet significant correlation between sulphate and chlo- 
ride (P = 0.0075), largely controlled by samples from deeper water within ETSP 
station 6, which carried slightly elevated sulphate/chloride. This suggested a sul- 
phate excess (or freshening), and so was the opposite of that predicted by cryptic 
sulphur cycling. Without these data included, there was no statistical relationship 
(P = 0.8968). 
Isotope methods. Sulphate precipitates (BaSO,4) were subjected to three different 
isotope measurements, which are described in sequence. Because we are present- 
ing a rigorous calibration of the isotopic composition of seawater, we are explicit 
and thorough in describing all necessary corrections and calibrations. Normal 6 
notation is used throughout, with the *°S data captured by A*’S. 
Measurement 1. For 3" Oputphates we directly loaded barite into silver cups for anal- 
ysis on a high-temperature conversion elemental analyser mated to a Thermo Sci- 
entific Delta V Plus configured in continuous-flow mode. A constant mass of ground 
glassy carbon was added to each of the samples and standards to promote complete 
flash pyrolysis. The analyte gas in this case was CO. Given the challenges associated 
with ionizing CO (often resulting in noisy data or artificially enriched values), we 
measured each of our samples five times. In association with these samples, we also 
analysed three different sulphate standards, whose statistics are compiled in Extended 
Data Table 2a. Values in parentheses are 1a (standard deviation) errors. The differ- 
ent errors on each standard may reflect the analysis of that particular material and 
its given crystallinity. This also resulted in a combined weighted error estimate of 
0.17%o and a standard error of 0.01%o for the 151 standard analyses. For seawater 
samples, we present the mean value of the five unique analyses on each sample. Thus, 
the 178 samples represent 890 unique analyses. The mean value derived from these 
data are 8.67%bo, with a 1a of 0.21%bo (standard error of 0.01%o). Aided by the large 
number of analyses, the uncertainty on our seawater sulphate sample set is well within 
that established by our standards. However, each water column demonstrates sig- 
nificantly less variability, with an error of 0.13%o. This number is discussed below 
in the context of 5'°O, . 
Measurement 2. For standard sulphur isotope measurements (**S/°7S), we again 
directly analysed barite powders. We loaded sample plus vanadium pentoxide into 
tin capsules and analysed these with an Elemental Analyzer mated to a Thermo 
Scientific Delta V Plus configured in continuous-flow mode. The analyte gas was 
SO, and we simultaneously measured primary SO; and secondary SO ion beams. 
We measured all samples (n = 180) presented here in duplicate (360 unique analyses), 
which resulted in a reproducibility of 0.15%. Determination of the accuracy (as 
opposed to precision) of these measurements, and thus the actual 5°*S of seawater 
sulphate, is described below, and was only possible after considering SF, measurements. 
Measurement 3. In parallel with continuous-flow measurements, we also measured 
a subset of seawater sulphate samples (n = 52) by means of SF, ona MAT 253. This 
approach required numerous additional steps. Barite powders were first reduced to 
Ag,S by chemical processing with a “Thode’ solution*’. Once as sulphide, the sample 
was introduced into a custom-built fluorination vacuum line, where the headspace 
was charged with a tenfold excess of F, gas. After heating, the product SF, was puri- 
fied by gas chromatography and through a series of cryogenic focusing steps. The 
SFg gas was then introduced into the MAT 253, resulting in analytical precisions 
(accounting for full reproducibility of wet chemistry, fluorination and mass spec- 
trometry) of 0.28% and 0.006%o for 5°“S and A*’S, respectively. Our **S value is 
based ona Vienna Cafion Diablo troilite composition of A®*S = 0.107%o versus Cafion 
Diablo troilite. 


Comparing all these data required an evaluation of the standards being used 
throughout both instrumental methods. Key to this was the following observation: 
International Atomic Energy Agency (IAEA) standards S1, $2 and S3 are provided 
as Ag,S (sulphide), whereas NBS-127, SO-5 and SO-6 are provided as BaSO, (sul- 
phate). As sulphates cannot be directly run by SF,, published values are on different 
scales. That is, sulphate standards are on a SQ; scale, whereas sulphide standards 
are ona SF¢ scale. This distinction is not new to this study; however, the instrumen- 
tation in the Johnston laboratory facility permits a direct calibration of this system. 
We performed this in the following way: 

We calibrated the 8*‘S for the IAEA standards as SF¢. These values (see below) 
were then used as the calibrated values to correct the measurement of [AEA S1, S2 
and S3 as SO), effectively placing SO) sulphide data on a SF, scale. Thus, mean values 
were the same (see Extended Data Table 2b) and listed with a 1o error. Next, we 
chemically reduced the sulphate standards to sulphide, using methods outlined above. 
This permitted the sulphate standards (measured as sulphides) to be placed on the 
SFe scale. We then calibrated the measurement of sulphate standards run as BaSO4 
by means of SO; back to the SF¢ scale. Each sulphate standard was thus measured in 
three different ways, each of which (post-process) are listed in Extended Data Table 2c. 
All the ‘unknowns’ for this study are BaSO,. Thus, all the standards placed in-run 
with these samples are the sulphate form of NBS-127, SO-5 and SO-6. All of our 
data were handled in the same fashion as the standards and are presented on a SF, 
scale. This leads to a composition of seawater sulphate of 21.15%o (0.15%o, 1a, n = 180) 
ona 3°4Sag,5—S03 scale and 21.35%o (0.28%o, 1a, n = 52) ona 3'SAg s—Ske scale. 
The larger variability in the SF; measurements (and possibly the slightly enriched 
value) is probably a consequence of more complex sample handling. That is, these 
samples all went through Thode reductions. That process is thought to carry a large 
fractionation, such that even a small deviation from a perfect chemical yield could 
induce an effect. Notably, the direct test on the expression of this fractionation yielded 
no isotopic offset (see above), and the two values are statistically unresolvable at the 
1a level. However, in an effort at full disclosure, we indicate our chemistry as the 
most variable step. 

Nitrate isotopes and nutrients. Samples from station 11 (ETSP 2011) were analysed 
at sea for [NO, ]and[PO,° ] using standard methods”, and for [NO; + NO, ] 
by chemiluminescence®. [NO ] was determined by difference. Frozen samples 
from station 25 (ETSP 2005) were analysed for [NO] and [PO,°" ] by standard 
methods*. Nitrate isotopes (5'°N and 5/80) for both stations were determined 
with the denitrifier method***° at Stanford University after treatment with sulph- 
amicacid toremove NO, (ref. 36). Nitrate isotope analyses were referenced to US 
Geological Survey 32, 34 and 35 as described previously’’. The values for these 
standards are listed in the next section and are available from IAEA (see Extended 
Data Table 2d and Extended Data Fig. 3). Station 25 [NO3 ] measurements were 
derived from the m/z = 44 peak area from the nitrate isotope analyses, normalized 
to peak areas of standard reference materials run in 5 and 20 nmol amounts. 
Data handling and published values. Here we present a compilation of 5" *O sulphate 
values from the literature to compare with our seawater sulphate data set!*-1°7°°**°, 
Our data has been set to the VSMOW scale using a recent calibration" of the avail- 
able reference sulphate materials: NBS-127, IAEA SO-5 and IAEA-SO-6. This new 
calibration was needed because previous calibrations had used materials that were poorly 
suited for the high-temperature conversion techniques used to analyse 3'°O sulphate: 
This poor calibration is probably one of the main factors for the poor inter-laboratory 
comparability of 3'8O sulphate data generated with this technique observed in past 
studies; other factors include differences in treatment of the BaSO, before high- 
temperature conversion” and the aforementioned challenges associated with ion- 
izing the CO generated from the sample. 

To compare the published data directly with our data, the former had to be nor- 
malized to account for the new calibration*’. In some cases, the authors reported 
the values for the sulphate oxygen isotope standards that were used to place their 
data on the VSMOW scale’*”*”?. For these data, normalization of the reported data 
was straightforward: the published data were simply normalized by using the dif- 
ference between the reported and newly calibrated 5'8O values of the standards. 
However, for most of the published data, the methods for the calibration were not 
given***°"*, The bulk of these data could be brought into line with the distribu- 
tion of our data and the other normalized published data simply by subtracting the 
0.7% from the reported isotope values, namely the difference between the previous 
and new’? 8!°O values of the NBS 127 reference standard: 9.3%o and 8.59%o, respec- 
tively. Data from one source did not receive this normalization; these were distrib- 
uted about an average 380 guiphate of +8.7%bo, similar to the mean found in our data. 
Presumably the calibration used in that study was close to one generated by the 
recent inter-laboratory calibration*’. 

Model construction. The model presented in the text of the paper carries two com- 
ponents: the first is derived from sediment pore-water observations (Fig. 2) and the 
second is the water-column OMZ model. 
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Pore-water models. The isotopic composition of sulphate (both O and S) is known 
to evolve towards enriched values as sulphate is cycled or consumed'*""°7°?>4>°, This 
is recorded by a range of different behaviours in pore-water sulphate”. One end- 
member response is a strongly nonlinear change in 5'°O versus sulphate as sulphate 
is consumed. This response accompanies low rates of sulphate reduction, much like 
that predicted for the cryptic sulphur cycle*. The other extreme, which describes 
elevated rates of sulphate reduction, is a shallow and almost linear slope on the same 
Cartesian plane. As noted, these differing behaviours are postulated to be in res- 
ponse to differential sulphate reduction rates”. To capture the full range of possible 
responses (what we deem a conservative approach), data were fitted from two end- 
member systems: Sites 1081 and 1086 from Ocean Drilling Program leg 175 along 
the west African margin’ and sediments underlying the Gulf of Mexico’*. Leg 175 
samples are from sediment pore waters where organic rich, largely diatomaceous 
sediments underlie the Angola-Benguela current. These pore waters capture non- 
linear behaviour and low sulphate reduction rates. The pore waters from hydrocar- 
bon seeps on the northern Gulf of Mexico continental slope define almost linear 
behaviour, characteristic of high sulphate reduction rates. See ref. 20 for a treatment 
of these data”®. Nearly all published pore-water 380 utphate data fall between these 
two arrays (Fig. 2). Similarly, experimental data from batch culture experiments (all 
liquid cultures) largely fit indistinguishably within the bounds set by the pore-water 
examples noted above. That is, in experiments containing only sulphate-reducing 
bacteria, the 5'°O of residual sulphate becomes isotopically enriched as sulphate is 
consumed. At the microbe scale, this response has been modelled extensively?”*”-°. 

The pore-water relationship noted above can be quantified. We use a simple least- 
squares fit to a one-phase decay equation on both data sets, to maintain consistency. 
As noted in the text, a variety of different fits were considered. A one-phase decay 
assumes the least about the mechanisms underlying the behaviour (for instance, a 
Michaelis-Menten relationship, which invokes a particular biochemical response). 
The full equations and fits for those two exercises are as follows: for high sulphate 
reduction rates, 


880... = (8.67%o a 24.92%) x e~ 0.05926 x (sulphate consumed) 4+24.92%o (1) 
and for low sulphate reduction rates, 
3'80,.c, =(8.67%o —21.86%o) x e 04224 (sulphate consumed) | 97 86% (2) 


Included here was the adoption of the mean background composition of seawater 
sulphate as the boundary condition at high sulphate concentrations (8.67% above). 
The other isotopic values listed (24.92% and 21.86%o) in these equations are the 
limits approached as sulphate concentrations approach zero. In essence, they define 
the response in 8° Osutphate associated with sulphate loss. The only unknown vari- 
able in this equation is the ‘sulphate consumed’ term in the exponent. The sulphate 
consumption term is where we can bridge to a model of the modern ocean water 
column, as described below. 

The same exercise could be performed with sulphur isotopes. However, the intrin- 

sic fractionations are understood to be much more variable”, and the result is there- 
fore less meaningful. For these reasons, and given the much shorter residence time 
of oxygen in sulphate and greater likelihood of capturing the cryptic sulphur cycle 
(as opposed to S), we target oxygen isotopes for the time being. 
Choice of 5'°O, ... A critical decision in the quantitative treatment presented in the 
paper is deciding how large an isotopic excursion in 3" Osutphate is possible without 
being statistically resolvable. This is represented by the 5'80,. term (left-hand side 
of equations (1) and (2)). In the text, we chose a value of 0.13%o, the average stan- 
dard deviation (66% confidence) within any single water column (see Extended Data 
Fig. 4), including those sampling oxygen-deficient waters. This is discussed below, 
but first, and for context, here we first present the data in rank order, as a function of 
the median for any given one-dimensional water column and with the error (95% 
confidence interval) associated with that particular water column (Extended Data 
Figure 4). At the far right is the total data set, with those outside the 95% confidence 
interval noted as circles. 

The data are colour-coded by ocean basin, with the OMZ sites in open boxes. 
The sites and their respective intra-water-column median 358 Osutphate and error 
(95% confidence interval) are presented in Extended Data Figure 4 in the following 
order (here listed as means and 1a): Eastern Tropical South Pacific station 25 (8.46%bo, 
0.14%0), Angola upwelling station 25 (8.51%bo, 0.12%bo), the SAFE station (8.54%bo, 
0.14%o), tropical South Atlantic station 1 (8.57%o, 0.10%o), Bermuda Atlantic Time- 
series station (8.57%bo, 0.13%o), Eastern Tropical South Pacific station 5 (8.76%o, 
0.12%o), Eastern Tropical South Pacific station 11 (8.78%o, 0.11%), South Atlantic— 
GEOTRACES stations 3-SS (8.80%, 0.15%o) and 11 (8.93%b, 0.16%), Eastern Trop- 
ical South Pacific station 6 (8.86%o, 0.15%o), and finally a box and whisker of all the 
data from this study (open circles are those that fall outside the 95% confidence 
interval). There is no statistically significant variability at the 2o or 95% level when 
evaluating the data set as a whole. The overall mean and standard deviation on the 
entire global database are 8.67%o and 0.21%o (1a). Using both a D’Agostino & 
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Pearson and Shapiro-Wilk normality test, the distribution of data for each water 
column is normal (except for station 6), as is the entire data set. As is clear from 
Extended Data Figure 4, each water-column profile carries a unique mean, although 
the error envelopes all overlap. One consequence of this distribution is that the error 
for a given water column (represented as a standard deviation) is actually smaller 
than the entire data set, meaning that some of the variance may later be shown to be 
real. Improved analytical precisions could prove or disprove this hypothesis. Although 
this study greatly improved on previously published precisions, that later story remains 
beyond the scope of this work. However, given this, in the main paper we take a value 
of 0.13%0 as the chosen level of resolvable variance for any given water column—this 
is similar to the error associated with any given standard material. As a sensitivity 
analysis we also calculate the consequences for constraining sulphur cycling if 5'°O,,.. 
is 0.21%o (1o on the whole data set) rather than 0.13%o (Extended Data Fig. 5). This 
would be the most conservative approach; however, it does not take full advantage of 
the statistical leverage provided by increased sampling density. In contrast, our given 
sampling density for any given water column also allows a standard error of the mean 
(s.e.m.) to be calculated, which yields a s.e.m. of 0.03%po. This value is approaching the 
calculated shot noise, or the instrumental limit of machine precision. If we consider 
the implication of a 5'°O,,.. at 0.03%o, this would require shorter residence times to 
accommodate previous rate estimates (Extended Data Fig. 5). Our choice of 0.13%o0 
in the main paper is taken from this overall logic. 

Translation to OMZ. To translate the quantitative relationship between 3'8Osutphate 
and sulphate consumed (the variables in the pore-water fit presented in Fig. 2 and 
in equations (1) and (2)) into an OMZ environment, we can introduce a new term. 
The term ‘sulphate consumed’ is equivalent to a volumetric sulphate reduction rate 
multiplied by the residence time of sulphate in that water: 


sulphate consumed (mmol m~*)=SRR (mmolm~*d~') x t(days) (3) 


The right-hand side of equation (3) is then substituted into equations (1) and (2). 
The solution can be reorganized to then solve for SRR as a function of residence time 
(Fig. 3). This requires that 3180, . be assigned (see above). To constrain residence 
times for OMZ water masses, we compiled published estimates for lateral transport 
of water through the OMZ (below) and built a simplistic one-dimensional water- 
column model (also outlined below) having the same range of residence times. Pub- 
lished residence times for the ETSP range from 3 to 12 months”»’, with most dating 
back to work by Codispoti in the 1980s. More recent estimates based on either chlo- 
rofluorocarbons or biogeochemical modelling (N deficits) suggest a range from 1 to 
10 years for the residence times in ETSP waters”!”. (A single estimate for the Arabian 
Sea upwelling suggests that the residence times may be much longer (greater than 
10 years)’, and thus would be more likely to preserve a 3'8O cutphate anomaly.) We 
use this range as a guide in our interpretation (see Fig. 3) and set the stage for fur- 
ther, more refined, water-column residence time estimates to better constrain pos- 
sible cryptic sulphur cycle behaviour. Given that the estimates of OMZ water-column 
sulphate reduction rates are low compared with those observed and measured in 
marine sediments”, we use the ‘low SRR’ model from Fig. 2 as the preferred con- 
straint on the maximum sulphate reduction rate. Using the above listed residence 
times and previous estimates of reduction rates for the cryptic sulphur cycle from 
ETSP stations 3 and 5 (ref. 4), we can define the molar quantity of sulphate reduced. 
Our approach gives a maximum estimate of the integrated rate, whereas the pre- 
vious shipboard work gave an estimate of the instantaneous rate. 

Restricted basins and fjords would offer an opportunity to test our hypothesis. 
In fact, one study”® of the Framvaren fjord confirmed the presence ofa 3'°Oculphate 
excursion when sulphur cycling was present in an anoxic water column. The 5%o 
effect started to grow into the residual sulphate pool just beneath the oxic-anoxic 
interface. This was not cryptic cycling, simply sulphur cycling in the most classic 
sense. Sulphate reduction rates and water mass residence times were unclear in that 
fjord, as was the overall sulphur budget; however, that study certainly confirmed that 
3"8Ocutphate signals can be generated and preserved in water-column environments. 

Although we present our model results in terms of residence times and a volu- 
metric rate of sulphate reduction, it is most common to provide a depth-integrated 
microbial rate (mmol m~* d~'). This can be done simply by augmenting our volu- 
metric rates by the length scale over which sulphate reduction may be active. For 
simplicity and using estimates from the ETSP stations 3 and 5 as a guide, we use 
generic length scales of 100 m in the one-dimensional upwelling model (Extended 
Data Fig. 6), representing the thickness of the OMZ (or that portion of the OMZ 
that hosts sulphate reduction). Pinpointing the exact distribution of sulphate reduc- 
tion is challenging at this stage for the following reasons. The fact that it is ‘cryptic’ 
means that it is not expressed in classical geochemical measurements (that is, it is 
not traceable with sulphide concentration data), nor could it be predicted with ther- 
modynamic calculations (that is, it reportedly occurs in areas containing more 
energetic electron acceptors). One might assume one of the following: first, that 
sulphate reduction is evenly distributed through the OMZ; second, that it carries a 
Gaussian distribution throughout the whole region of anoxia; third, that it is strongly 
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asymmetric towards the older water, which would have had more time to consume 
competing oxidants; or fourth, that it is very heterogeneous or localized to micro- 
zones (imagine sulphate reduction at the centre of marine snow). Here we assume 
that sulphate reduction has a Gaussian distribution within an OMZ 100 m thick. 
Other water-column predictions. One major reason that the cryptic sulphur cycle 
is putatively important is for its consequences for coupled geochemical cycles, nota- 
bly Cand N (see Extended Data Fig. 7). Although exact predictions are provided in 
the text, below we provide a model of how the different predictions for OMZ sul- 
phur cycling are manifested in these other element systems (and 5'°0) as a guide 
for evaluating this model and for carrying this sort of approach forward. To do so, 
we assume a unidirectional flow path for water through an OMZ. This approach 
assumes vertical advective fluxes, with the ‘oldest’ OMZ water occurring at the top 
of the OMZ. We arbitrarily take a path length (z) of 200 m and allow the residence 
time to range from 1 to 10 years (ref. 4). 

In what follows we provide an example to demonstrate the coupling of element 
cycles. These are based on the sulphate reduction rate from the reported ‘cryptic 
sulphur cycle in the Chilean upwelling zone (1 mmol m~ 7 d~'). We can then cast 
this prediction into isotope space if sulphate reduction is distributed normally. As 
noted above, this is not the only possible distribution of sulphate reduction; how- 
ever, this assumption allows us to illustrate some important consequences. Regard- 
less of the distribution, we also present the integrated sulphate reduced (Extended 
Data Fig. 7) over the entire OMZ—the net sum of this measure is dependent on the 
average rate and residence time of water in the zone of active sulphate reduction, 
and is independent of how sulphate reduction is distributed. We also call attention 
to the observation that no measurable change in sulphate concentrations is noted 
in our data, with a 20 tolerance of 1.12 mM, which sets an independent measure of 
the allowable net sulphate reduction. Together, these first predictions permit the 
consequences in 3'8Ocutphate to be estimated as a function of the residence time of 
the water transiting the OMZ (Extended Data Fig. 5). 

Paired with these consequences for the sulphur cycle is the requirement that the 
nitrogen cycle should accommodate complete sulphide oxidation, so as to circum- 
vent the in-growth of sulphidic waters. That is, for every mole of sulphide generated, 
that quantity must be oxidized back to sulphate, here by means of nitrate reduction 
(probably to N>; however, reduction to other intermediates such as NH, or NO, — 
is possible). There are well-established chemoautotrophic microbial pathways that 
set this stoichiometry. Thus, we can cast quantitative predictions for the nitrate bud- 
get required to mask the apparent sulphate reduction, with either a 5:8 or a 1:1 sul- 
phur:nitrogen stoichiometry (reduction to N, and ammonium, respectively). This 
is cast as a rate of nitrate consumption (Extended Data Fig. 7). In evaluating these 
figures, note that the maximum nitrate concentrations observed within our OMZ 
settings is 45 11M, which essentially sets the maximum amount of sulphide that can 
be oxidized in any given water parcel. A final consideration, especially as it relates 
to future geochemical investigations of the OMZ water column, is the net stoichi- 
ometry of sulphate reduction and sulphide oxidation. For the two different forms of 
chemoautotrophy noted above, the reactions essentially mimic those of heterotrophic 
denitrification and of dissimilatory nitrate reduction to ammonium, respectively”. 

All original data generated for this study are in Source Data files 1 (isotopes) and 
2 (nutrients). 
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Extended Data Figure 1 | Test of whether changes in sulphate 
concentrations (although small) are related to salinity (here in practical 
salinity units). A significant but weak correlation exists (P = 0.0075): see the 
text for discussion. 
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Extended Data Figure 2 | Plot of sulphate concentrations against isotopic 
composition of sulphate. The lack ofa correlation is consistent with no overall 
heterogeneity in the ocean, especially as a function of sulphate reduction or 
sulphide oxidation, which would impart the characteristic '%O effect. 
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Extended Data Figure 3 | Series of figures demonstrating the severity of budgets, tracked with N*, and in isotopes (in 5'°N). Data are presented for both 
oxygen deficiency at stations 11 and 25. This is reflected both in nutrient stations 11 and 25. 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


9.5 
@ pacific 
i) O OMZ 
s @ atlantic 
a 9.0 
a 
2 ae 
=} 
oO 8.5 ae L 
| 
Ze) 
8.0 


1 3 5 7 9 all 
rank order 


Extended Data Figure 4 | Rank order box-and-whisker presentation of 
5°Ocutphate data for the ten water columns studied. Data are discussed in the 
text. At the far right is a representation of all the data. Whiskers are 95% 
confidence intervals around a given median value (black bars at the centre of 
the boxes). 
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51°0,,... One estimate is based on s.e.m.; the other is based on the uncertainty 
over the entire global data set. 
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Extended Data Figure 6 | Isotopic predictions for sulphate cycling as a 
function of water mass transit time. The contour key shows various residence 
times of water within oxygen-deficient waters. 
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Extended Data Figure 7 | The link between nitrogen and sulphur. rate. All biogeochemistry is arbitrarily distributed over a path length of 200 m. 


a, Prediction for sulphate reduction rates for a cryptic sulphur cycle containing Units were chosen to be directly comparable to those in Table 1 of ref. 4. 
1mmolm 7d! sulphate reduction. b, Prediction for nitrate consumption 
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Extended Data Table 1 


Site locations 


Common Name 


Tropical S. Atl (station 1) 
Angola upwelling (station18) 


ETSP (station 6) 
ETSP (station 25) 
BATS 

SAFE 

ETSP (station 11) 
ETSP (station 5) 


GEOTRACES st. 3-SS 


GEOTRACES st.11 
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Lat, Long 

-11°N, 330°E 
-14.75°N, 11.5°E 
-15°N, 260°E 
-12.13°N, 281.03°E 
31.67°N, 295.83°E 
30°N, 220°E 
-10°N, 277.5°E 
-20°N, 280°E 
-36.5°N, 13.1°E 
-39.2°N, 7.8°E 


PI OMZ Bearing 
K.C. no 
K.C. no 
K.C. no 
K.C. yes 
K.C. no 
K.C. no 
ALK. yes 
A.K. no 
W.H. no 
W.H. no 


Extended Data Table 2 | Sulphur and oxygen isotope standards 


Standard n Mean 8 8 Ogunate 
NBS-127 46 8.66% (0.14) 
SO-5 47 12.07% (0.18) 
SO-6 58 -11.36%o (0.17) 
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Flow in bedrock canyons 


Jeremy G. Venditti!, Colin D. Rennie’, James Bomhof’, Ryan W. Bradley’, Malcolm Little’ & Michael Church? 


Bedrock erosion in rivers sets the pace of landscape evolution, influ- 
ences the evolution of orogens and determines the size, shape and 
relief of mountains’. A variety of models link fluid flow and sedi- 
ment transport processes to bedrock incision in canyons. The model 
components that represent sediment transport processes are increas- 
ingly well developed* >. In contrast, the model components being used 
to represent fluid flow are largely untested because there are no obser- 
vations of the flow structure in bedrock canyons. Here we present a 
524-kilometre, continuous centreline, acoustic Doppler current profiler 
survey of the Fraser Canyon in western Canada, which includes 42 
individual bedrock canyons. Our observations of three-dimensional 
flow structure reveal that, as water enters the canyons, a high-velocity 
core follows the bed surface, causing a velocity inversion (high velo- 
cities near the bed and low velocities at the surface). The plunging water 
then upwells along the canyon walls, resulting in counter-rotating, 
along-stream coherent flow structures that diverge near the bed. The 
resulting flow structure promotes deep scour in the bedrock channel 
floor and undercutting of the canyon walls. This provides a mechanism 
for channel widening and ensures that the base of the walls is swept 
clear of the debris that is often deposited there, keeping the walls 
nearly vertical. These observations reveal that the flow structure in 
bedrock canyons is more complex than assumed in the models pres- 
ently used. Fluid flow models that capture the essence of the three- 
dimensional flow field, using simple phenomenological rules that are 
computationally tractable, are required to capture the dynamic coup- 
ling between flow, bedrock erosion and solid-Earth dynamics. 

The linkages between the uplift of mountains, tectonics and climate 
are critical for understanding how surface processes affect solid-Earth 
dynamics and remain one of the primary open questions in Earth science. 
To understand these linkages we must examine the large-scale drivers 
of bedrock incision by rivers***. Large-scale bedrock canyons in act- 
ively uplifting terrain link tectonics, climate and topography. Bedrock 
incision in canyons at the local scale happens through a combination of 
plucking (removal of blocks of rock from the river bed or banks) and 
various types of abrasion by sediment particles. Although there is some 
uncertainty about their relative importance’, there are models for abra- 
sion by bedload’, suspended load* and plucking’. The flow parameter- 
ization most often used in bedrock erosion models is based on stream 
power®*”, Although this approach allows for computationally tract- 
able landscape-scale modelling over long periods and at large scales®*, 
flow and sediment transport dynamics are not considered, making the 
approach of limited value for the prediction of bedrock channel mor- 
phology and dynamics. Moreover, the stream power approach masks 
the fluid processes that drive the sediment movements that cause bed- 
rock erosion. Mechanistic parameterizations of the flow use simpli- 
fying assumptions of steady, uniform flow'*""* and empirical frictional 
relations’”"’, because full representations of coupled fluid and sediment 
dynamics are not currently computationally tractable at large scale. 
More advanced models of boundary shear stress in channel cross-sections 
have recently been incorporated into bedrock river models that allow 
modelling of channel shape’*’*”°. However, none of these flow models 
has been tested because there are no field observations of the flow 
structure in bedrock canyons. Access to these rivers is difficult and 


the instrumentation necessary for observations has only relatively recently 
been adapted from oceanographic research for use in rivers. 

To address this gap in our understanding of bedrock rivers, we under- 
took a 524-km-long continuous centerline acoustic Doppler current 
profiler (ADCP) survey of the Fraser Canyon, British Columbia, Canada 
(see Methods). An ADCP provides profiles of three-dimensional velo- 
city measured in Earth coordinates (Easting, Northing, vertical) and bed 
elevation at discrete intervals. From this we calculate the downstream 
horizontal velocity magnitude ( US + U,”)°° (where U. and U,, are the 
Easting and Northing velocities) and the vertical velocity, which is ortho- 
gonal to the horizontal plane. The Fraser Canyon is a geographical region 
along the Fraser River characterized by a series of 42 individual canyons 
where the river crosses the Interior Plateau of British Columbia and 
flows along a fault between the Coast and Cascade mountain ranges 
(Extended Data Fig. 1). The channel alternates between alluvial and 
bedrock-bound reaches, the latter of which comprise about 18% of the 
river length. About 10% of the total length is ‘canyons’—that is, rock- 
bound, conspicuously narrow reaches. The along-stream profiles of the 
canyons all show a drop in bed elevation, forming a deeply scoured pool 
as the channel is constricted (Fig. 1a), with deeper pools formed where 
the channel constriction is greater. The channel width to mean depth 
ratios (w/h) of the canyons vary between 2.3 and 17.3 (mean of 6.9; ratios 
of >20 are common for alluvial channels”'; in unconfined reaches of 
Fraser River the average is 52). Canyon width to maximum depth ratios 
(W/hmax) Varied from 1.5 to 10.1 during our surveys (at higher flows, these 
values will decline because the channel is laterally constricted). 

As flow is confined in a canyon, the cross-sectional area decreases 
and mass-balance dictates that the flow must accelerate. But if canyon 
floor elevation declines rapidly downstream, increasing the depth, the 
flow will decelerate. The deceleration should be more pronounced in nar- 
row bedrock canyons where additional drag from the walls may be of 
the same magnitude as the drag exerted from the channel bed". In the 
widest canyons of the Fraser, flow decelerates uniformly with depth as 
flow enters the canyons and accelerates as flow exits the canyons. In the 
narrower canyons, a high-velocity core appears to plunge below the water 
surface and follow the bed topography down into the pool (Fig. 1a). The 
high-velocity core dissipates with distance downstream, but with each 
narrowing of the canyons, the plunging velocity core reappears. The pat- 
tern of multiple plunging high-velocity cores observed in Iron Canyon 
(Fig. 1a) is typical of the narrow bedrock canyons of the Fraser River. 

What could cause a plunging high-velocity core? The structure of flow 
along the centreline is a manifestation of the three-dimensional flow 
field. Cross-sections through three-dimensional grids of measured spa- 
tially distributed velocity fields in the canyons (Fig. 2 and Supplementary 
Videos 1 and 2; see Methods for details of data processing) show there 
is a clear velocity inversion (low-velocity fluid at the top of the water 
column and high-velocity fluid at the bottom; Fig. 1b) that corresponds 
to negative vertical velocities along the channel centreline. To com- 
pensate for this downward flow, upwelling along the canyon walls 
brings highly turbulent, low-velocity fluid up from near the bed, caus- 
ing the inversion. Our observations suggest that these upwellings take 
the form of large and powerful, intermittent coherent flow structures 
that form boils at the water surface”. These structures represent deviations 
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Figure 1 | Centreline transects of flow through a narrow bedrock canyon of 
the Fraser River. a, Primary downstream velocity (colour scale) in Iron 
Canyon (w/h = 4.2, w/hmax = 1.7), the second narrowest of the Fraser canyons. 
Primary downstream velocity is the horizontal velocity magnitude calculated 
from Easting and Northing velocity components, rotated to minimize the 
depth-averaged, cross-channel velocity of each profile. b, Velocity profiles 


from the mean flow, and are advected towards the channel centre, dis- 
sipating into the mean flow as the channel expands downstream. 

We hypothesize that the observed flow structure is caused by con- 
vective deceleration as flow exits the channel constriction and enters 
the scour hole. Experiments on flow into pools” with a morphology 
similar to our bedrock canyons revealed downward-directed mean velo- 
city as flow expanded into the pool. Furthermore, the same pattern of 
secondary circulation was observed. This included lateral convergence at 
the water surface during deceleration in the pool. In pool experiments, 
downwelling in the centre of the channel and upwelling along the chan- 
nel walls also occurred, which has been demonstrated to take the form of 
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Figure 2 | Cross-sections of horizontal velocity magnitude and vertical 
velocity in Black Canyon downstream of a constriction. See Supplementary 
Video 1 of the horizontal velocity magnitude and Supplementary Video 2 of 
vertical velocity fields through the whole measurement section. 


along the entrance to the canyon at locations corresponding to the letters A to F 
in a. The approximate height of the velocity inversion is given as a percentage of 
flow depth. c, Shear stresses calculated from reach-averaged momentum 
balance, velocity profiles through the whole water column (log-fit) and the 
lower linear portion of the velocity profile below the inversion (log-fit 
inversion). 


intermittent coherent flow structures in similar experiments™. This pattern 
of secondary flow is typical in narrow channels” and has been attributed 
to anisotropy of turbulence at channel boundaries and the free surface. 
We suspect that a similar process occurs in the bedrock canyons of the 
Fraser River, whereby upwelling along the channel walls and flow conver- 
gence at the surface leads to relatively low-speed, highly turbulent fluid 
at the water surface in the channel centre downstream of the constric- 
tion. The upwelling reduces near-bed dynamic pressure”’, which will 
encourage the higher-speed flow entering the canyons to advect along 
the floor, and a positive feedback whereby the high-speed fluid near the 
bed contributes to intense upwelling along the walls. The initiation of 
this flow structure in a bedrock channel is probably caused by the lateral 
constriction, forcing a canyon to deepen until it reaches morphody- 
namic equilibrium with the near-bed flow (and the sediment transport 
responsible for incision). 

We expect the three-dimensional flow processes observed in the can- 
yons of the Fraser River to be applicable to many canyon-bound rivers 
worldwide. This is because significant changes in channel width, which 
we argue here drive convective deceleration and flow inversion, are com- 
mon. This suggests a model of flow in narrow bedrock canyons (Fig. 3) 
that is very different from what is currently accepted. Velocity inversions 
and the associated plunging high-velocity cores (Fig. 3a) cause steeper 
near-bed velocity gradients than would occur if the flow decelerated 
uniformly into canyons. This would tend to increase vertical incision 
and formation of scour holes because shear stress, which drives the sedi- 
ment transport processes responsible for incision, scales as tc (du/dz)* 
(where u is the velocity at height z above the bed). 

For example, reach-averaged shear stress in Iron Canyon, calculated 
from the one-dimensional momentum balance for steady, uniform flow 
(see Methods), was 115 Pa, roughly half of which is applied to the walls 
because it is narrow relative to its depth’®. Velocity profiles through the 
whole water column predict shear stress to increase slightly and then 
decline moving into Iron Canyon (Fig. 1c), but this also requires steady, 
uniform flow. On the other hand, using the linear portion of near-bed 
velocity gradients, below the inversion inflection point, produces the most 
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Figure 3 | Conceptual model of flow in a bedrock canyon. a, Alongstream 
section through the flow field showing the apparent plunging velocity core. 
b, Cross-section at dashed line in panel a showing velocity inversion and the 
observed water surface profile caused by flow paths. c, Flow pattern at the water 
surface showing accelerated, then convergent decelerated flow in the 
alongstream direction and intermittent surface boils produced by large-scale 
coherent flow structures. d, Flow pattern at the bed showing decelerated, then 
divergent accelerated flow and zones of upwelling, which take the form of large- 
scale coherent flow structures. x, y and z are the streamwise, cross-stream and 
vertical velocity directions, respectively. The diagrams are vertically and 
horizontally exaggerated. 


accurate representations of local shear stress (see Methods). This approxi- 
mation indicates that shear stress was 47 Pa at the canyon entrance, rose 
to 208 Pa along the entrance slope, and then declined to nearly zero in the 
bottom of the scour hole where the flow changes from convectively decel- 
erating to accelerating (Fig. 1c). 

The larger shear stress along the entrance slope to a canyon would tend 
to focus erosion there, resulting in an upstream migrating scour hole that 
resembles a submerged knickpoint. Where the plunging high-velocity 
core extends beyond the entrance slope, a canyon will deepen until it 
reaches morphodynamic equilibrium. The counter-rotating secondary 
flow structure (Fig. 3b) causes decelerated surface flow along a channel 
centreline (Fig. 3c). The vertical upwelling along canyon walls (Fig. 3b) 
and divergent flow at the bed (Fig. 3d) can cause centreline ridges along 
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a canyon floor, which we observed in some of the Fraser canyons. 
Divergent flow at the bed also provides a mechanism for undercutting 
canyon walls (as has been observed experimentally”””*). Failure of under- 
cut rock could promote channel widening over long timescales if upstream 
knickpoint migration occurred over a lesser time frame. The general 
pattern of fluid motion would also tend to keep the base of canyon walls 
swept clean of wasted debris, maintaining near-vertical walls. 

The observed patterns of flow in the Fraser canyons suggest that 
modelling canyon morphodynamics and evolution requires more detailed 
understanding of the flow dynamics that drive sediment transport in 
canyons. The steep near-bed velocity gradients along plunging velocity 
cores cause correspondingly higher and lower local shear stresses than 
would be predicted from reach-averaged shear stress for steady uniform 
flow, calculated using mean velocity and a flow resistance equation, 
or log-normal velocity profiles that extend from the bed to the water 
surface. These locally higher and lower shear stresses may average out 
over the length of canyons, but the morphology ofa canyon and patterns 
of incision are driven by the spatial variations in the shear stress. Erosion 
rates tend to scale with bed shear stress to a power greater than unity’, 
so even if local bed shear stresses average out over the length of a canyon, 
local erosion rates will not average out, leading to larger canyon erosion 
rates even when averaged over long timescales. Further observations, 
along with hydrodynamic modelling that captures both the secondary 
circulation and the dynamics of the upwelling coherent flow structures, 
are required to determine how best to abstract these insights on the 
complexity of flow in bedrock canyons over the temporal and spatial 
scales of drainage basin organization® and orogen development’. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Brain structure resolves the segmental affinity of 
anomalocaridid appendages 


Peiyun Cong’, Xiaoya Ma’, Xianguang Hou', Gregory D. Edgecombe? & Nicholas J. Strausfeld*"* 


Despite being among the most celebrated taxa from Cambrian bio- 
tas, anomalocaridids (order Radiodonta) have provoked intense de- 
bate about their affinities within the moulting-animal clade that 
includes Arthropoda. Current alternatives identify anomalocaridids 
as either stem-group euarthropods'*, crown-group euarthropods 
near the ancestry of chelicerates*, or a segmented ecdysozoan lineage 
with convergent similarity to arthropods in appendage construction’. 
Determining unambiguous affinities has been impeded by uncer- 
tainties about the segmental affiliation of anomalocaridid frontal 
appendages. These structures are variably homologized with jointed 
appendages of the second (deutocerebral) head segment, including 
antennae and ‘great appendages’ of Cambrian arthropods, or with 
the paired antenniform frontal appendages of living Onychophora 
and some Cambrian lobopodians. Here we describe Lyrarapax unguis- 
pinus, a new anomalocaridid from the early Cambrian Chengjiang 
biota, southwest China, nearly complete specimens of which pre- 
serve traces of muscles, digestive tract and brain. The traces of brain 
provide the first direct evidence for the segmental composition of 
the anomalocaridid head and its appendicular organization. Carbon- 
rich areas in the head resolve paired pre-protocerebral ganglia at the 


origin of paired frontal appendages. The ganglia connect to areas 
indicative of a bilateral pre-oral brain that receives projections from 
the eyestalk neuropils and compound retina. The dorsal, segmented 
brain of L. unguispinus reinforces an alliance between anomalocar- 
idids and arthropods rather than cycloneuralians. Correspondences 
in brain organization between anomalocaridids and Onychophora 
resolve pre-protocerebral ganglia, associated with pre-ocular frontal 
appendages, as characters of the last common ancestor of euarthro- 
pods and onychophorans. A position of Radiodonta on the euarthro- 
pod stem-lineage implies the transformation of frontal appendages 
to another structure in crown-group euarthropods, with gene ex- 
pression and neuroanatomy providing strong evidence that the paired, 
pre-oral labrum is the remnant of paired frontal appendages’. 


Arthropoda von Siebold, 1848 
Radiodonta Collins, 1996 
Amplectobeluidae Vinther et al., 2014 
Lyrarapax unguispinus gen. et sp. nov. 


Life Science Identifier (LSID). urn:lsid:zoobank.org:act:BFE89E0E- 
CEB2-406A-B516-FECS5EC5A7C2A 


Figure 1 | L. unguispinus from the Chengjiang Lagerstitte. a, b, Ventral 
view of YKLP 13304b (counterpart) showing mouth cone (arrowed mo), eye 
stalks (eys), retinal pigmentation (rep), four neck segments (ne), traces of 
putative vascular system (vs) and its branches (open arrows) leading to 
metameric muscle blocks (m) aligned with lateral flaps, including oar-like first 
pair (fl, between arrowheads), and partly overlapping blades of tail fan (tf). 

c, d, Ventral view of YKLP 13304a (part) showing one frontal appendage (fa), 


part of the dorsal cowl (cw) and pigmented head shield anterior rim (hs). 

e, Frontal appendage: large proximal podomere (pp) equipped with serial 
spines allowing apposition against inner teeth of more distal podomeres. 

f, Enlarged oral cone showing concentric ridges and triangular areas (stars) 
suggestive of denticles. g, Pigmented rim of head shield. Scale bars: a, also for 
b-d, 5 mm; e, f, 1 mm; g, 3mm. 
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Etymology. lyra (Latin): referring to an overall lyre-like body shape; 
rapax (Latin): predator; unguis (Latin): claw; spinus (Latin): thorn, 
alluding to the spinose, claw-like frontal appendages. 

Holotype. Holotype YKLP 13304a, b (Fig. 1 and Extended Data Figs 1a 
and 2a-d), part and counterpart. 

Referred material. Paratypes YKLP 13305 (part only, Figs 2 and 3b, c), 
YKLP 13306 (part and counterpart, Extended Data Fig. 3). 

Locality. Ercaicun (YKLP 13304, 13306) and Mafang (YKLP 13305) in 
Haikou, Yunnan Province, China. 

Horizon. Heilinpu Formation, Cambrian Series 2, Stage 3, Yu’anshan 
Member (Eoredlichia-Wutingaspis assemblage zone). 

Diagnosis. Small anomalocaridid, body length to 8 cm, with a pronounced, 
four-segmented neck; frontal appendage short, one proximal podomere 


bearing a stout, blade-shaped endite with pectinate, sclerotized spines 
that gradually become larger distally, the successive podomeres with 
alternating small and larger endites; body flap of first trunk segment 
hypertrophied, paddle-shaped, succeeding body flaps narrowing rela- 
tively strongly; tail fan composed of three pairs of blades. 

L. unguispinus is known from three largely complete specimens (Sup- 
plementary Information). It is assigned to Radiodonta based upon the 
following diagnostic characters®: large, club-shaped, compound eyes, 
having the same relative size, shape and position as in Anomalocaris 
canadensis’; frontal appendages, the only appendages in the head or 
trunk, arthropodized and bearing serially repeated ventral spines on 
each podomere (Fig. le and Extended Data Fig. 1a); a large mouth 
cone opening ventrally in the head (Fig. 1a-d, f), its size being typical 


Figure 2 | L. unguispinus. 

a, b, Dorsal view of YKLP13305 (left 
side slightly tilted downwards) 
resolving straight midgut (mg) and 
sinusoidal alimentary tract (alt). Four 
neck and eleven trunk segments, the 
first providing paired oar-like flaps 
(fl between arrowheads), the last 
providing the tail fan (tf). Dark areas 
in the head indicate paired frontal 
appendage ganglia (frg), optic tract 
(opt) linking retinas (re) in eyes (ey) 
to flattened lateral protocerebral 
lobes (Ipr in h) flanking an 
approximately bilaterally symmetric 
protocerebrum (pr). Metameric 
striate areas indicate muscle (m). 
c-e, Raised and indented grooves of 
muscle blocks (enlargements of 
boxed areas in b). f-h, Neural traces: 
blue digital filter (f) cancels colours in 
fossil except dark neural regions (for 
example, medial protocerebrum, 
mpr) that are resolved by scanning 
electron microscopy and energy- 
dispersive X-ray spectroscopy (g), as 
carbon-rich domains, and shown by 
oblique illumination relative to eye 
and head margins (h); bm, basement 
membrane and first optic neuropil. 
Raised neck segments gradually 
obscure caudally directed descending 
tracts (dt). Scale bars: a, b, 1 cm; 
c-e, 0.5mm; f (also for g) and 

h, 5mm. 
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for a radiodontan'; short, narrow segments defining a neck region (as 
in A. canadensis and Peytoia nathorsti); segmental body flaps, a tripar- 
tite tail fan (Fig. 1a, b) and dorsal bands of setal blades (‘gills’) (Extended 
Data Fig. 3e) having the usual proportions for the group. A pigmented 
rim at the anterior margin of the head (best seen in YKLP 13304a; 
Fig. 1d, g) is interpreted as the margin of a dorsal carapace, as known 
from other radiodontans’. Phylogenetic analysis resolves L. unguispinus 
within Radiodonta’ as the closest relative of Amplectobelua (Extended 
Data Fig. 4) based on shared derived characters of the pincer-like frontal 
appendages (Supplementary Information). 

In all three specimens (Figs 1, 2 and Extended Data Fig. 3) the eye- 
stalks contain terminal areas that are black, sometimes surmounted by 
dark blue colouration. Ommatidia (Extended Data Fig. 2a, b) are indi- 
cated as long, slightly curved troughs that extend through pale blue- 
pigmented areas in the right eye of YKLP 13304b, terminating in a darker 
zone lying distal to a roughly oval area of black pigmentation that fur- 
ther extends as a broken tract directed towards the head (Extended Data 
Fig. 2a—c). A similar trace is observed in the left eye of YKLP 13304b 
where there is evidence for faceted organization (Extended Data Fig. 2d). 
The observed relationship between photoreceptor terminals and under- 
lying structure is typical of euarthropod eyes equipped with compound 
facets, which have been demonstrated as the eye structure typifying 
anomalocaridids’. The black domains in YKLP 13304 are thus inter- 
preted as the first optic neuropil of the eye. Corresponding black 
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Figure 3 | Comparison of onychophoran and 

L. unguispinus brain. a, Horizontal section of 
hemibrain of E. rowelli stained with osmium-ethyl 
gallate, showing frontal appendage ganglion (frg) 
anterior to optic tract (opt) and second optic 
neuropil (on2) connected to medial protocerebral 
neuropil (mpr; lateral protocerebrum, Ipr). 

b, c, Both sides of brain of L. unguispinus YKLP 
13305 aligned to match orientation of a. 
Corresponding areas (and retinas, re) indicated, 
as is one root of descending tracts (dt). 

d, e, Comparison of E. rowelli and L. unguispinus 
brains. Nervous extensions into the frontal 
appendages (fa; on subsequent sections of 

E. rowelli; Extended Data Fig. 2e), not visible in 
the fossil, are added (paler blue). Incomplete distal 
part of frontal appendage of L. unguispinus 
reconstructed (paler grey). Eye, ey. Scale bars: 

a, 100 xm; ¢ (also for b), 2mm. 


domains in YKLP 13305 are connected via black tracts to further broad- 
ened pigmented areas disposed centrally, lateral to and confluent with 
an approximately symmetric domain extending across the head in front 
of the mouth, compared with YKLP 13304 (Fig. 2a). Anterior to this 
dark area, and attached to each side of it anteriorly, are two approxi- 
mately almond-shaped areas located at a position corresponding to 
the point of origin of the frontal appendages. Employment of a digital 
blue filter accentuates these dark structures as well as contiguous frag- 
ments comprising cord-like traces that extend a short distance caudally, 
indicative of two parallel tracts from the main pre-oral mass (Fig. 2f). 
Energy-dispersive X-ray spectroscopy resolves the dark areas as car- 
bon concentrations (Fig. 2g). Allowing for some distortions probably 
due to compression, bilateral symmetry demonstrates that these struc- 
tures represent an organ system. Comparison of YKLP 13304 and 13305 
suggests these structures are not contiguous with the mouth cone, or 
any regions caudal to it (Fig. 2h), and the confluence of these carbon- 
rich areas with tracts leading from the compound eyes identifies the ob- 
served areas as flattened brain and cerebral ganglia (Fig. 2f-h). These 
structures correspond to the profile of a flattened horizontal view of a 
compressed onychophoran brain (Fig. 3a and Extended Data Fig. 2e, 
both compared with Fig. 3b, c). The trunk of YKLP 13305 resolves other 
carbon-rich organ systems that are structurally distinct from those in 
the head. These other systems are indicative of a large convoluted gut, 
gut-associative muscle and variously oriented lamellate body-wall muscle 
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Figure 4 | Evolutionary shift of frontal appendage and its ganglia. 

a-c, Proposed transformation of frontal appendages (fa, orange) and cognate 
ganglia (frg, purple) in Radiodonta (a) to labrum (orange) and cognate ganglia 
(frg) in a crustacean (c), via a hypothetical stem euarthropod (b) where the 


blocks (Fig. 2c-e). These are similar, respectively, to gut muscle and 
striated muscle traces described from Pambdelurion whittingtoni’® and 
A. canadensis’. 

Carbon-rich cephalic structures of YKLP 13305 (Fig. 2g) resolve the 
disposition of brain centres that substantially differ from ground pattern 
organization expected ofa euarthropod brain, but resolve specific corre- 
spondences with the cerebral ground pattern of Onychophora. Mandi- 
bulates and chelicerates (=Euarthropoda) possess segmental ganglia 
connected by paired nerve cords to tripartite brains, the latter a conse- 
quence of developmental fusion of three neuromeres rostral to or flank- 
ing the gut. This ground pattern has existed at least since the Lower 
Cambrian, as exemplified by the mandibulate-like brain of Fuxianhuia 
protensa” and the chelicerate-like central nervous system of the mega- 
cheiran Alalcomenaeus sp.”. 

Such segmental arrangements contrast to the organization of the cen- 
tral nervous system in Onychophora”, where nerve cords from paired 
pre-ocular frontal appendages supply a brain that lies in front of the 
mouth and which provides paired lateral cords comprising continuous 
synaptic neuropil connected by orthogonal connections down its length". 
No segmental ganglia are resolved’’, an absence interpreted as an an- 
cestral trait of Arthropoda’’. In Onychophora, localization of engrailed 
protein in the brain resolves only a single posterior segmental boundary"®, 
thereby refuting its proposed tri- or bipartite segmental organization’””*. 
Resolving the brain and nerve cords of the onychophoran Euperipatoides 
rowelli with osmium-ethyl gallate staining’? demonstrates that bundled 
axons from the frontal appendages supply a large ganglion-like neuro- 
pil that lies anterior to the optic tract, the latter supplying neuropil of a 
heterolateral brain lying anterior to and above the mouth (Fig. 3a). Car- 
bon deposits in the head of L. unguispinus likewise resolve paired, approx- 
imately almond-shaped, pre-ocular domains situated above the origin 
of the frontal appendages (Figs 2f-h and 3b, c). These structures are 
here interpreted as frontal appendage ganglia that are contiguous with 
the anterior brain and, as in Onychophora, are anterior to optic tracts 
extending into the brain from the eyes. The absence of any suboeso- 
phageal neuropil mass, but the origin of paired tracts directed caudally 
(Fig. 3b, c), offers further evidence for the correspondence of brain or- 
ganization in onychophorans and anomalocaridids (Fig. 3d, e), whereas 
none of the putative brain regions of L. unguispinus correspond to either 
of the two ground patterns of euarthropod brains. Enlargements at two 
points along the anomalocaridid optic nerve suggest two successive optic 
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mouth has migrated from the first to second cephalic segment (in a segments 
coloured 1-3; correspondingly in b and c). Axon tracts linking frg and roof of 
protocerebrum (open arrow) shown in purple. al, a2: crustacean first and 
second antennae. 


neuropils (Fig. 3c), one distal within the eyecup, as would be expected of 
a highly visual predator. Onychophora also possess two neuropils, albeit 
smaller, one distal beneath the photoreceptor layer, the other central”. 

As inferred from their position on the head’, the association of anom- 
alocaridid frontal appendages with ganglia anterior to the eye and optic 
nerves identifies frontal appendages as pre-protocerebral and thus un- 
ambiguously distinct from postocular euarthropod appendages such as 
chelicerae, chelifores or first antennae (crustacean antennules) that orig- 
inate at the deutocerebrum*’”’. The assignment of frontal appendages 
to the deutocerebrum by forcing their homology with euarthropod 
antennae” or a transformation series that proposes anomalocaridid 
frontal appendages as homologues of megacheiran great appendages 
and chelicerae* are thus contradicted. 

A pre-protocerebral appendage in L. unguispinus with an associated 
ganglion that is connected to the anterior surface of the protocerebrum 
(Figs 2f-h and 3e) is shared with Onychophora but not Euarthropoda. 
Although the stem-group euarthropod Isoxys has been interpreted as 
possessing an anomalocaridid-like appendage”, this is likely to origin- 
ate posterior to the eyestalks and, if so, implies that similarities are con- 
vergent. Accommodating Radiodonta on the euarthropod stem lineage 
demands a transformation of the ancestral pre-protocerebral frontal 
appendages into another structure. The labrum has been suggested as 
the most logical candidate for the euarthropod homologue of the anom- 
alocaridid frontal appendages’. Support for this hypothesis is provided 
by studies oflabral development, particularly in the amphipod Parhyale 
hawaiensis”* where appendicular gene expression is resolved during the 
embryonic differentiation of the labrum in front of the eyes, followed by 
a subsequent migration to a tritocerebral location during the develop- 
mentand caudal migration of the stomodeum. Molecular evidence from 
Tribolium shows the labrum composed of appendicular endites”®. Expres- 
sion of appendage gap genes in mandibulates and chelicerates demon- 
strates homologous morphogenetic expression in the labrum across all 
Euarthropoda”. Tracing sensory neurons from the odonate labrum 
demonstrates a sensory organization typical of jointed limbs”. A pre- 
protocerebral appendicular ancestry of the labrum’ is reflected across 
extant Euarthropoda by the presence of discrete paired neuropils that 
receive its afferents and which are directly connected to the anterior 
roof of the protocerebrum via an ascending axon tract”*. This organi- 
zation supports an evolutionary shift of the placement of the frontal 
appendages accompanied by a corresponding shift of their cognate 


25 SEPTEMBER 2014 | VOL 513 | NATURE | 541 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


ganglia, which, throughout, have retained their ancestral connection 
to the most anterior surface of the brain (Fig. 4). 


METHODS SUMMARY 


All studied specimens of L. unguispinus (YKLP 11304-11306) are deposited at the 
Yunnan Key Laboratory for Palaeobiology, Yunnan University, Kunming, China. 
Digital images of the specimens were captured with Nikon D3X or Leica DFC5000 
cameras attached to a Leica M205C photomicroscope and were processed in Adobe 
Photoshop CS5 using, where appropriate, digital filter functions to absorb specific 
colours. High-resolution images and geochemical maps were obtained using a LEO 
1455VP scanning electron microscope and energy-dispersive X-ray spectroscopy, 
at 12 kV accelerating voltage and 12 Pa chamber pressure. The final carbon maps 
were montaged from individual maps with Adobe Photoshop CS5. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Island biogeography of the Anthropocene 


Matthew R. Helmus', D. Luke Mahler? & Jonathan B. Losos? 


For centuries, biogeographers have examined the factors that pro- 
duce patterns of biodiversity across regions. The study of islands has 
proved particularly fruitful and has led to the theory that geographic 
area and isolation influence species colonization, extinction and spe- 
ciation such that larger islands have more species and isolated islands 
have fewer species (that is, positive species—area and negative species— 
isolation relationships)’ *. However, experimental tests of this theory 
have been limited, owing to the difficulty in experimental manipu- 
lation of islands at the scales at which speciation and long-distance 
colonization are relevant’. Here we have used the human-aided trans- 
port of exotic anole lizards among Caribbean islands as such a test 
at an appropriate scale. In accord with theory, as anole colonizations 
have increased, islands impoverished in native species have gained 
the most exotic species, the past influence of speciation on island bio- 
geography has been obscured, and the species-area relationship has 
strengthened while the species—isolation relationship has weakened. 
Moreover, anole biogeography increasingly reflects anthropogenic 
rather than geographic processes. Unlike the island biogeography 
of the past that was determined by geographic area and isolation, in 
the Anthropocene—an epoch proposed for the present time interval— 
island biogeography is dominated by the economic isolation of human 
populations. 

The number of species (that is, richness) on islands is theorized to be 
a function of colonization and in situ speciation that add species, and 
extinction that subtracts them’. Larger and less-isolated islands have 
lower extinction and higher colonization compared to smaller and more- 
isolated islands. Larger islands have more in situ speciation than smaller 
islands because they have a greater diversity of habitat types and offer 
more opportunities for allopatric divergence”*, while isolated islands 
have fewer and more closely related species because they are infrequently 
colonized®”®. Island area is thought to set the maximum richness islands 
can contain (that is, equilibrium saturation points'), while isolation and 
in situ speciation influence how close islands are to saturation. Together, 
these processes are presumed to cause the positive species—area and neg- 
ative species-isolation relationships (SARs and SIRs) ubiquitous across 
islands. 

Tests of this theory are lacking owing to limits in the scale at which 
experimental manipulation is possible’. For example, the most compre- 
hensive experiment was an arthropod defaunation and recovery manipula- 
tion of six small, un-isolated islands (maximum area <0.003 ha; maximum 
interisland distance <1.2 km)"'. Other tests have monitored diversity 
recoveries from natural catastrophes that wiped out existing species (for 
example, volcanic eruptions’”). These studies demonstrated that col- 
onization and extinction can balance each other to determine species 
richness—although this equilibrium may take a long time, if ever, to 
achieve*’*—and that area and extinction rate are negatively correlated™*. 
Other predicted relationships have not been experimentally investigated 
because all previous tests were on few islands of small size and limited 
isolation where the effects of speciation and long-distance colonization 
could not be assessed. 

Here, we illustrate how the spread of exotic species experimentally 
tests island biogeography theory’*”. In the past, changes to the species 
richness of major islands (that is, those large and isolated enough to have 


speciation and infrequent colonizations) have occurred on timescales 
precluding direct human observation and testing of theoretical predic- 
tions. This is no longer the case today. For many insular groups, island 
richness is increasing as the number of exotic species establishing sur- 
passes the number of native species lost’*. 

Caribbean Anolis lizards are one such group. Until recently, each Carib- 
bean island bank—shallow areas that connect islands—housed endemic 
clades of anoles (Fig. 1, Extended Data Fig. 1)'°. This high endemicity 
resulted because over-water dispersal is naturally perilous for anoles, 
making natural long-distance colonization rare and allopatric specia- 
tion common even among neighbouring banks. No anole has gone extinct 
except possibly one (Anolis roosevelti)”®. In contrast, 34 populations com- 
prising 18 species have established on a Caribbean island far from their 
native bank, increasing mean bank richness from 4.72 (2.06 s.e.m.) to 
5.41 (1.91; P< 0.001, Fig. 1, Extended Data Table 1). If the tenets of 
island biogeography theory are valid, then this haman-mediated increased 
colonization will predictably alter anole biogeography and richness rela- 
tionships. Here we test three predictions: exotic anoles have mostly 
established on impoverished banks, increased anole colonizations have 
diminished the past signal of speciation on bank richness, and the anole 
SAR has strengthened while the anole SIR has weakened. 

Have exotic anoles established on banks furthest from their area-set 
saturation points? Banks impoverished in native anoles should provide 
the most opportunity for new species establishment. We estimated bank 
saturation as the residuals from a log-linear regression of native richness 
on area (that is, lower residuals suggest impoverished banks, Extended 
Data Fig. 2). As predicted, exotic anoles have established on the most 
impoverished banks (coefficient of exotic richness on saturation: -0.422 
+ 0.126, P = 0.002)—a result also robust to an alternative metric based 
on a direct estimate of the anole saturation curve (—0.409 + 0.126, 
P= 0.003, Extended Data Table 2). 

Has increased colonization obscured the past effect of speciation on 
anole biogeography? Speciation is responsible for two main biogeographic 
patterns in anoles. First, because an isolated island is more likely to contain 
species descended from speciation of a few colonists from the same source 
area rather than multiple colonists from multiple source areas, which 
is more likely for proximate islands", negative phylogenetic diversity- 
isolation relationships (PDIRs) are expected where the most isolated 
islands contain small numbers of closely related species. Such a relationship 
previously existed for Caribbean anoles. Anoles found on the same bank 
were more closely related to each other than expected if species randomly 
colonized banks regardless of isolation (Fig. 1; mean standardized effect: 
-8.08, P< 0.001, indicating strong phylogenetic underdispersion)”', 
and asa result of this non-random colonization, the PDIR was strongly 
negative (past PDIR coefficient: -0.734 + 0.196, P = 0.002, Extended Data 
Fig. 3). In the present day, anole assemblages are more phylogenetically 
random (increase in mean standardized effect: 3.02, P< 0.001) because 
exotic species can colonize isolated banks from across the Caribbean 
(compare native and exotic distributions in Fig. 1)”; consequently the 
anole PDIR has been eliminated (present PDIR coefficient: -0.520 + 0.245, 
P> 0.05; Extended Data Fig. 3). 

Second, in situ speciation is expected to be a nonlinear function of 
area, stemming from a threshold area below which speciation does not 
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Figure 1 | The biogeographic distributions of Caribbean anole lizards in the 
Anthropocene. Lines link species to the banks where they are found; the 


occur®*, This effect causes two-part SARs in which species richness rises 
modestly with area up to the threshold, and then increases dramatically. 
In the past, the anole SAR exhibited this nonlinearity (Fig. 2a), but the 
pattern is now gone. The present-day SAR is linear (P < 0.001) because 
the area relationship of banks without in situ speciation has become 
similar to the area relationship of banks with in situ speciation (Fig. 2b). 
This homogenization of relationships is expected because banks that 
lacked in situ speciation (Extended Data Fig. 1) were impoverished in 
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Bermuda, Klein Curacao and Tobago have no native anoles. 


species, especially banks just below the breakpoint in Fig. 2a (P = 0.007, 
Extended Data Table 3). 

Does area now explain more, and isolation less, of the variation in 
anole richness? By adding species to impoverished islands, increased 
colonization should move islands towards their area-set saturation points, 
strengthening the SAR; and because isolated islands, especially those 
too small for in situ speciation, should be impoverished, the SIR should 
weaken. In the past, a strong, negative SIR existed (Table 1, Fig. 2c) with 


Table 1 | The shifting importance of area and isolation to Caribbean anole biogeography 


Sum of squares 


Explained variation Past to present change 


Geographic isolation 


Area 1 2 3 
Past (+) 13.73 (-) 2.11 (—) 3.53 (-) 4.23 
Exotic (+) 4.69 0.04 (+) 7.43 (+) 6.57 
Present (+) 17.88 (-) 2.16 0.14 0.28 


Residual Area Total isolation Area Total isolation 
10.27 41% 29% 

20.13 12% 36% 

13.76 52% 7% 29% —74% 


‘Past’ is native richness. ‘Exotic’ is exotic richness. ‘Present’ is native + exotic richness. ‘Area’ is total emerged land of a bank. ‘Geographic isolation’ is three orthogonal metrics calculated from the pairwise- 
distances among banks and the mainland (Extended Data Table 4). Significant values (« = 0.05) are in bold and given with the sign of the relationship. ‘Past to present change’ is the difference between present and 
past explained variation divided by past explained variation. Richness and area were log transformed and all variables were standardized. 
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Figure 2 | The linearization of the Caribbean anole species—area 
relationship (SAR) and flattening of the species-isolation relationship 
(SIR). a, The past SAR was nonlinear and best fitted by a regression with two 
slopes and a breakpoint (*, 3.579 [Clo5q, 3.337-3.822], P<0.001)*. In all 
panels, solid black lines indicate regression fits across all banks and coloured 
lines are regressions of banks with (red) or without (blue) in situ speciation. 
b, Colonization of exotic anoles has eliminated the two-part SAR. Solid symbols 
are banks with exotics and the y-axis plots log.(species richness). c, In the 
past, there was a strong SIR across all banks. ‘Isolation’ is the mean of three 
orthogonal isolation metrics (Table 1, Extended Data Table 4). d, Exotic 
colonization has reduced the strength of the SIR by eliminating the SIR of banks 
without in situ speciation. R? in each panel for the regressions on all banks, 
with in situ, and without in situ, speciation are respectively: a, 0.85, 0.90, 0.11; 
b, 0.57, 0.89, 0.31; ¢, 0.32, 0.65, 0.22; d, 0.15, 0.65, 0.01. See Table 1 for the 
multivariate regressions. 


the most isolated banks also the most impoverished in native anoles 
(P< 0.001, Extended Data Table 3). As predicted, the SIR has now weak- 
ened while the SAR has strengthened (Fig. 2b, d, Table 1, Extended Data 
Table 5). This shift is because isolation now correlates positively with 
the richness of newly colonized species, a reversal of the natural pattern, 
but like the natural pattern, exotic richness positively correlates with area, 
further strengthening the present-day anole SAR (see the exotic model 
in Table 1). 

Our results support the theory that it is the influence of geographic 
area and isolation on long-term biogeographic processes such as speciation 
and colonization that fundamentally determine island biodiversity'**"°. 
However, as the species richness of isolated islands is increasing, Carib- 
bean anoles are not currently in equilibrium and island isolation no longer 
inhibits colonization by new species (Figs 1, 2d; Table 1). Yet, this latter 
conclusion rests on defining isolation relevant to the natural over-water 
colonizing ability of lizards. In the modern world, anoles colonize as 
commensals of humans arriving at new destinations primarily as stow- 
aways in cargo shipments (Extended Data Table 1). In this context, island 
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Figure 3 | Anole lizards are establishing on Caribbean islands at an 
increasing rate. The accumulation of exotic anole lizard species across the 
Caribbean is best explained by a three-segment regression (P< 0.001) with 
breakpoints (*) estimated at 1961 (1943-79 Clos, horizontal bars) and 1999 
(1997-2002), and rates of 0.07 (+0.01 s.e.m.), 0.23 (0.07), 0.96 (0.12) exotic 
establishments per year. 


isolation should be redefined to be relevant to this new way in which 
islands gain species. 

Translocating species to new destinations is one of the many ways 
humans alter Earth. Human effects are so pervasive that a new epoch for 
the present day, the Anthropocene, has been proposed”’. Proponents 
argue that an anthropogenic perspective is necessary to understand current 
and future trajectories of Earth systems™”*. Beginning with the Industrial 
Revolution, multiple indicators of human activity (for example, atmo- 
spheric CO, concentration) slowly increased, but then following the 
Second World War (WWII) increased rapidly’. The establishment of 
exotic anoles follows sucha curve (Fig. 3). Establishment rate increased 
first after WWIL, and again following the end of the Cold War when global 
shipping more than doubled’*. An Anthropocene perspective may thus 
well apply to understanding present-day island isolation, and we inter- 
pret our final results in this context. 

Shipping traffic among Caribbean banks is not related to geographic 
isolation (Extended Data Table 6)*’. Instead, variation in shipping is 
dependent on anthropogenic factors that influence trade (for example, 
the US-Cuban trade embargo)**. We estimated the economic isolation 
of Caribbean banks from a global maritime shipping-traffic data set’’ 
and asked if this metric explained anole richness. 

Economic isolation determines Caribbean biodiversity in the Anth- 
ropocene—both exotic and present-day (that is, native + exotic) anole 
richness were negative functions of economic isolation (Table 2, Extended 
Data Table 5). Further, the correlation between area and economic iso- 
lation was high (9 = —0.74, P< 0.001), implicating shipping trade as 
the mechanism underlying the positive exotic SAR (Table 1). Therefore, 
two mechanisms, natural and anthropogenic, underlie the shifting impor- 
tance of area and isolation in determining past from present anole bio- 
geography (Tables 1 and 2, Extended Data Table 2). As expected ifarea 


Table 2 | The importance of economic isolation to Anthropocene island biogeography 


Sum of squares 


Explained variation 


Geographic isolation 


Area a 2 3 Economic isolation Residual Area Total isolation Economic isolation 
Exotic = = (+) 6.06 (+) 7.32 (—) 10.76 14.11 = 35% 28% 
Present (+) 4.83 (-) 3.3 = = (-) 2.26 11.91 22% 15% 10% 


See Table 1 footnote. Economic isolation is based on the total number of ships docking on each bank. Models are best-fit based on the lowest Akaike information criterion, dashes indicate dropped covariates. 
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determines saturation points, isolated banks without in situ speciation 
are impoverished in native species (Extended Data Table 3) and are con- 
sequently gaining exotics to strengthen the anole SAR, yet because the 
trade that disperses anoles is constrained by area (for example, larger 
banks have more people and ports), the SAR is also strengthening because 
there is a negative economic isolation-area relationship (EIAR, Extended 
Data Fig. 4a). 

Anthropocene models of island biogeography must include economic 
isolation. For example, the US embargo strongly increases Cuban eco- 
nomic isolation (Extended Data Fig. 4b). We estimated Cuban economic 
isolation without an embargo from the Caribbean EIAR, and then esti- 
mated the expected number of exotic anoles from the exotic model in 
Table 2 (Extended Data Fig. 4c). Given the current rate of exotic estab- 
lishment (Fig. 3), we predict Cuba would rapidly gain 1.65 anole lizard 
species (95% confidence interval, Clos, 1.06-2.57) should trade nor- 
malize following embargo cessation; this gain is comparable to that already 
seen on Hispaniola, a bank of similar area but without a trade embargo. 
As the native biodiversity of islands such as Cuba is extraordinary and 
economically important, strategies (such as cargo screening, ecological 
monitoring and species import bans) to prevent the establishment and 
impact of exotic species must increase as economic isolation decreases. 
Just as for models of other Earth systems, biogeographic models must 
now include anthropogenic forcing to understand, predict and mitigate 
the consequences of the new island biogeography of the Anthropocene. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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A faster Rubisco with potential to increase 


photosynthesis in crops 
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In photosynthetic organisms, D-ribulose-1,5-bisphosphate carbox- 
ylase/oxygenase (Rubisco) is the major enzyme assimilating atmo- 
spheric CO, into the biosphere’. Owing to the wasteful oxygenase 
activity and slow turnover of Rubisco, the enzyme is among the most 
important targets for improving the photosynthetic efficiency of vas- 
cular plants”*. It has been anticipated that introducing the CO,- 
concentrating mechanism (CCM) from cyanobacteria into plants 
could enhance crop yield* *. However, the complex nature of Rubisco’s 
assembly has made manipulation of the enzyme extremely challen- 
ging, and attempts to replace it in plants with the enzymes from cya- 
nobacteria and red algae have not been successful”*. Here we report 
two transplastomic tobacco lines with functional Rubisco from the 
cyanobacterium Synechococcus elongatus PCC7942 (Se7942). We 
knocked out the native tobacco gene encoding the large subunit of 
Rubisco by inserting the large and small subunit genes of the Se7942 
enzyme, in combination with either the corresponding Se7942 assem- 
bly chaperone, RbcX, or an internal carboxysomal protein, CcmM35, 
which incorporates three small subunit-like domains”. Se7942 
Rubisco and CcmM35 formed macromolecular complexes within 
the chloroplast stroma, mirroring an early step in the biogenesis of 
cyanobacterial B-carboxysomes'’””. Both transformed lines were photo- 
synthetically competent, supporting autotrophic growth, and their 
respective forms of Rubisco had higher rates of CO; fixation per unit 
of enzyme than the tobacco control. These transplastomic tobacco 
lines represent an important step towards improved photosynthesis 
in plants and will be valuable hosts for future addition of the remain- 
ing components of the cyanobacterial CCM, such as inorganic car- 
bon transporters and the B-carboxysome shell proteins**. 

Rubisco catalyses the incorporation of CO; into biological compounds 
in photosynthetic organisms’. During photorespiration, Rubisco also 
reacts wastefully with oxygen, leading to the release of previously fixed 
CO, NH; and energy’’. Furthermore, catalysis by Rubisco is slow and 
very large amounts (up to 50% of leaf soluble protein, 25% of leaf nitro- 
gen) are needed to support adequate photosynthetic rates. Some variation 
in the catalytic properties of Rubisco from diverse sources is apparent. 
Harnessing this variation has the potential to confer superior photo- 
synthetic characteristics to specific crops and environments”. C4 plants, 
cyanobacteria and hornworts have evolved forms of CO2-concentrating 
mechanisms (CCM) that allow them to utilize forms of Rubisco that 
have higher catalytic rates and lower CO, affinity, whereas C3 plants, 
which lack a CCM, are constrained to express forms of Rubisco with 
higher CO, affinity but a relatively low rate of turnover’. In plants, Rubisco 
is a L8S8 hexadecamer consisting of eight small subunits (SSU) and eight 
large subunits (LSU). Although the SSU genes are located in the nucleus, 
the LSU is encoded by the chloroplast genome, which has complicated 
previous attempts to engineer improvements in higher plant Rubisco*”’. 

Introduction of a CCM has been proposed as a means to improve the 
performance of Rubisco in C3 plant chloroplasts*®"®. In cyanobacteria 
and several autotrophic prokaryotes, Rubisco and carbonic anhydrase 
are enclosed within polyhedral microcompartments known as carboxy- 
somes, which maintain elevated CO, concentrations in the vicinity of 


Rubisco, which both increases carbon fixation and suppresses photo- 
respiration*®. However, when a tobacco transplastomic line was created 
in which the LSU gene, rbcL, from the cyanobacterium Synechococcus 
PCC6301 replaced the native tobacco rbcL, the cyanobacterial LSU did 
not form a functional complex with the native tobacco SSU’*. Although 
a simpler L2 homodimer Rubisco from Rhodospirillum rubrum was 
able to assemble inside tobacco chloroplasts’’, red algal Rubisco sub- 
units failed to produce functional L8S8 complexes within chloroplasts’. 

To test whether cyanobacterial LSU and SSU can assemble into a func- 
tional enzyme within higher plant chloroplasts, we generated two trans- 
plastomic tobacco lines, named SeLSX and SeLSM35, using the biolistic 
delivery system’’, to express the two Rubisco subunits from Se7942 along 
with either RbcX or CcmM335, respectively. In each chloroplast transfor- 
mant, three genes were co-transcribed from the tobacco rbcL promoter. 
Each downstream gene was preceded by an intercistronic expression element 
(IEE) and a Shine-Dalgarno sequence (SD) and equipped with a termina- 
tor to facilitate processing into translatable monocistronic transcripts?” 
(Fig. 1a). 

The two vectors we constructed were designed to replace the tobacco 
rbcL gene with the foreign DNA. To determine whether all chloroplasts 
in each plant contained the transgenic locus rather than endogenous 
tobacco rbcL, we examined blots of total leaf DNA digested with restric- 
tion enzymes that would produce restriction fragment-length polymor- 
phisms between the wild-type and transgenic loci (Fig. 1b). We found 
that shoots arising after two rounds on selective medium were homo- 
plasmic for the transgene locus, lacking the fragment corresponding to 
the wild-type chloroplast genome (Fig. 1b). In order to verify these obser- 
vations, we performed reverse transcription and PCR (RT-PCR) and 
observed no cDNA derived from the native rbcL transcript, whereas 
cDNAs produced from aadaA, the selectable marker gene, and the cyano- 
bacterial genes were detected (Fig. 1c). 

To observe the expression of the cyanobacterial proteins, we extracted 
total leaf proteins and examined them by SDS-PAGE and immunoblots. 
In Coomassie-stained gels, we detected protein bands at the predicted 
molecular masses of ~52 kDa for the LSU and ~13 kDa for the SSU of 
the cyanobacterial Rubisco in SeLSX and SeLSM35 samples, whereas 
wild-type tobacco exhibited a protein of the expected and distinct SSU 
mass of ~15 kDa (Fig. 2a). Immunoblots probed with antibodies specific 
for either the cyanobacterial LSU, tobacco Rubisco, tobacco SSU or cyano- 
bacterial CcmM35 verified the presence of cyanobacterial proteins in the 
two transformants and tobacco Rubisco only in the wild-type plant 
(Fig. 2a). Although no engineering of tobacco SSU genes was performed 
in the transgenic lines, tobacco SSU protein was undetectable, as expected, 
as its stability is known to be severely affected in the absence of a com- 
patible LSU*"”. The absence of the tobacco SSU in the transformants 
also indicated that it could not form a stable complex with the cyano- 
bacterial LSU. The estimated stoichiometry of CcmM35 per Rubisco 
holoenzyme in SeLSM35 transformant is about 4.5, which is consistent 
with the values reported for cyanobacteria (Extended Data Fig. 1)’. 

In order to observe the configuration of the cyanobacterial Rubisco in 
the two transgenic lines, we examined the plant material by transmission 
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Figure 1 | Replacement of the tobacco chloroplast rbcL with cyanobacterial 
genes. a, Gene arrangements of the rbcL locus in the wild-type, SeLSX and 
SeLSM35 tobacco lines. Endogenous chloroplast DNA elements are shown in 
grey and the newly introduced segments in black. The intergenic regions 
IG1, IG2, IG3 and IG4 include TpetD(At)-IEE-SD, TpsbA(At)-IEE-SD, 
Trps16(At)-IEE-SD and TpsbA(At)-IEE-SD18 respectively, where TpetD, 
TpsbA and Trps16 are the terminator sequences following the corresponding 
genes and At stands for the chloroplast of Arabidopsis thaliana as the source of 
these sequences. The selectable marker operon (SMO) includes LoxP-PpsbA- 
aadA-Trps16-LoxP, where PpsbA stands for the promoter of the psbA gene. 
The probe recognizes the rbcL promoter (PrbcL) region. The NheI and Ndel 
sites used in the DNA blot along with the lengths of the expected DNA 
fragments detected by the probe are indicated. DIG, digoxygenin. b, DNA blot 
analysis of wild-type, SeLSX and SeLSM35 lines digested with Ndel and Nhel. 
c, Analyses of RT-PCR products of 6 genes. Nt-rbcL is the only tobacco 

(Nt, Nicotiana tabacum) gene; all other genes are the transgenes introduced 
into the tobacco chloroplast genome. X = rbcX, M = ccmM35. 


electron microscopy (TEM) in combination with immunogold label- 
ling. Although the enzyme was localized to the chloroplast stroma in 
both transgenic lines, we observed markedly different patterns of molec- 
ular organization. In leaves of the SeLSX line, the cyanobacterial Rubisco 
showed a diffuse localization similar to endogenous Rubisco in wild-type 
tobacco (Fig. 2b, c). In contrast, in the SeLSM35 line, in which the Rubisco 
is co-expressed with CcmM35, the proteins were aggregated into a giant 
complex in each chloroplast (Fig. 2d and Extended Data Fig. 2). In 
Se7942, CcmM335 is translated from an internal ribosome entry site of 
the ccmM transcript, which also produces the full-length protein, ComM58, 
with an additional amino-terminal domain”. Previous estimation of 
protein ratios suggested that Rubisco in Se PCC7942 probably exists as 
L8S5 units crosslinked by the SSU-like domains of CcmM35 resulting 
in their paracrystalline arrangement in the lumen of B-carboxysomes”'. 
The cyanobacterial mutant lacking CcmM58 produces large electron- 
dense bodies of 300-500 nm with a rectangular cross-section composed 
of Rubisco and CcmM35 (ref. 22). However, the structures formed inside 
chloroplasts are generally rounded in appearance without apparent in- 
ternal order. This discrepancy probably arises from different ratios of 
Rubisco and CcmM35 or additional carboxysomal components poten- 
tially present in the cyanobacterial bodies. Remarkably, the structures 
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Figure 2 | Cyanobacterial proteins in tobacco chloroplasts. a, Coomassie- 
stained gel and immunoblot of 14 1g of total leaf protein from wild-type (WT), 
SeLSX and SeLSM35 tobacco lines. Immunoblots were probed with the 
antibodies indicated. Molecular mass( kDa) of standard proteins are shown. 
Asterisk symbol indicates molecular mass of tobacco SSU; dagger symbol 
indicates molecular mass of cyanobacterial SSU. c, cyanobacteria; t, tobacco. 
b-d, Electron micrographs of leaf sections showing the localization of Rubisco 
in the stroma of mesophyll chloroplasts of wild-type (b), SeLSX (c) and 
SeLSM35 (d) tobacco lines. Leaf tissues were prepared by high pressure freeze 
fixation (HPF) in combination with immunogold labelling using an anti- 
tobacco Rubisco antibody (b) or an anti-cyanobacterial Rubisco antibody 

(c, d) anda secondary antibody conjugated with 10 nm gold particles, which are 
indicated with either black circles or arrows. Scale bars, 500 nm (top panels in 
b, d) and 200 nm (c and the bottom panels in b, d). 


observed in chloroplasts are highly similar in appearance to procar- 
boxysomes recently identified as an important early stage in the car- 
boxysome assembly” and will potentially facilitate future attempts to 
assemble B-carboxysomes in chloroplasts through expression of other 
essential components. 

The specificity of the carboxylase activity of cyanobacterial Rubisco 
relative to its competing oxygenase activity (specificity factor) is known 
to be lower than that in higher plants, making it more sensitive to the 
inhibitory effects of oxygen than tobacco Rubisco”. SeLSX and SeLSM35 
plants did not survive on soil at the normal atmospheric CO, concentra- 
tion of ~400 p.p.m., but were able to grow in CO,-enriched (9,000 p.p.m.) 
air at a rate slower than the wild-type plant. Both transgenic plants have 
normal appearance (Fig. 3). Previous efforts to engineer tobacco Rubisco 
demonstrated that the growth rate and photosynthetic properties of 
transplastomic plants are generally consistent with the expression levels 
and catalytic properties of the recombinant Rubisco~’’. We believe it is 
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Figure 3 | Phenotype of the wild-type and transplastomic tobacco lines. 
Plant were grown at atmospheric CO, level about 9,000 p.p.m. a-e, Pictures 
showing 6-week-old wild-type (a), SeLSX (b), and SeLSM35 (c); and 10-week- 
old SeLSX (d) and SeLSM35 (e) tobacco lines grown in the same conditions. 
Scale bars, 5 cm. 


also the case in our transplastomic plants. Our preliminary analyses to 
quantify the Rubisco content using the CABP (2-carboxy-p-arabinitol- 
1,5-bisphosphate) binding method indicate that the Rubisco concentra- 
tions in the two chloroplast transformants are approximately 12-18% 
of that in the wild-type plant (Extended Data Table 1)”. In addition, the 
lower levels of total soluble proteins and chlorophyll concentrations 
probably contribute to the observed slow growth of the two chloroplast 
transformants (Extended Data Table 1). 
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Figure 4 | Carboxylase activities at different '*CO, concentrations. 

CO) fixation by crude leaf homogenates from tobacco lines expressing 
cyanobacterial Rubisco (SeLSX and SeLSM35) and wild-type tobacco (WT). 
The rates of carboxylase activity (mol CO, fixed per mol active sites per s) at 
each point of the curves are the means + standard deviation of the 2, 4 and 

6 min data obtained in two independent assays at different CO, concentrations 
(125 1M, 250 1M, 640 1M). 
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The fact that both transgenic lines could grow autotrophically indi- 
cated that active cyanobacterial Rubisco has assembled. We measured 
the carboxylase activities of the cyanobacterial Rubisco in the leafhomo- 
genates at room temperature using ribulose bisphosphate (RuBP) and 
several concentrations of radiolabelled sodium bicarbonate (NaH'*CO;). 
The assays were performed in the presence of 10mM, 20mM and 
50 mM NaH"“CO,, which at pH 8.0 would generate dissolved CO, con- 
centrations of approximately 125 uM, 250 uM and 640 uM, respec- 
tively. The carboxylase activity of Rubisco in the tobacco control did 
not increase upon increasing the CO, concentration, confirming that 
the native enzyme was already saturated at 125 1M of dissolved CO, 
(Fig. 4). In contrast, cyanobacterial Rubisco displayed greater carbox- 
ylase activity at higher CO, concentrations, with a rate of catalysis which 
exceeded that of the tobacco enzyme at each CO, concentration. Our 
measured kinetic values are consistent with the reported rate and Michaelis 
constants for CO, (~3s~* and 10.7 UM for tobacco and ~12s~' and 
200 1M for the enzyme in Synechococcus PCC6301, respectively)”**. 
We confirmed that the carboxylase activities detected in our samples 
were specific to Rubisco, as they were entirely dependent on the pres- 
ence of RuBP and were inhibited by CABP*° (Extended Data Fig. 3). 
The high carboxylase activities detected in the transformants are con- 
sistent with the absence of interference by tobacco SSU in the assembly 
of bona fide cyanobacterial Rubisco in the chloroplasts. Furthermore, 
both transgenic lines exhibited high Rubisco activities despite differ- 
ences in its intra-organellar organization. 

We included RbcX in one of our chloroplast transformation vectors 
because it has been shown to enhance the assembly of the LSU core com- 
plex before formation of the final hexadecameric complex’. However, 
Se7942 lacking RbcX suffered no defect in growth rate or Rubisco activity”. 
As line SeLSM35 lacks RbcX but has active Rubisco, evidently Se-RbcX 
is not essential for the assembly of functional cyanobacterial Rubisco in 
chloroplasts. CcmM35, through its SSU-like domains, might assist in the 
assembly of cyanobacterial Rubisco in SeLSM35 in the absence of RbcX. 

The transgenic plants described here are absolutely dependent on the 
cyanobacterial Rubisco for carbon fixation. If the oxygenation reaction 
of cyanobacterial Rubisco can be suppressed and the local CO2 concen- 
tration in the vicinity of the enzyme can be raised by further engineer- 
ing, CO, assimilation may be enhanced, and the necessity to divert so 
much fixed nitrogen into this enzyme may be diminished. Recently, we 
demonstrated that the shell proteins of B-carboxysomes could form struc- 
tures similar to empty microcompartments in the chloroplast stroma”’. 
Introduction of the carboxysome shell proteins, the required internal 
proteins, and appropriate transporters into transgenic plants containing 
cyanobacterial Rubisco is predicted to result in significantly enhanced 
photosynthetic performance in vascular plants**. This report, demon- 
strating that cyanobacterial Rubisco can assemble into active enzyme 
in a C3 plant and support autotrophic photosynthesis, is an important 
step towards the introduction of a complete and functional CCM into 
the chloroplasts of vascular plants. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Glial origin of mesenchymal stem cells in a tooth 
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Mesenchymal stem cells occupy niches in stromal tissues where they 
provide sources of cells for specialized mesenchymal derivatives dur- 
ing growth and repair’. The origins of mesenchymal stem cells have 
been the subject of considerable discussion, and current consensus 
holds that perivascular cells form mesenchymal stem cells in most 
tissues. The continuously growing mouse incisor tooth offers an excel- 
lent model to address the origin of mesenchymal stem cells. These 
stem cells dwell in a niche at the tooth apex where they produce a 
variety of differentiated derivatives. Cells constituting the tooth are 
mostly derived from two embryonic sources: neural crest ectomesen- 
chyme and ectodermal epithelium’. It has been thought for decades 
that the dental mesenchymal stem cells’ giving rise to pulp cells and 
odontoblasts derive from neural crest cells after their migration in 
the early head and formation of ectomesenchymal tissue**. Here we 
show that a significant population of mesenchymal stem cells dur- 
ing development, self-renewal and repair of a tooth are derived from 
peripheral nerve-associated glia. Glial cells generate multipotent mes- 
enchymal stem cells that produce pulp cells and odontoblasts. By com- 
bining a clonal colour-coding technique’ with tracing of peripheral 
glia, we provide new insights into the dynamics of tooth organogen- 
esis and growth. 

Shortly after the dental placode is induced, nerves intimately associate 
with the developing tooth’. To address whether glia-derived cells con- 
tribute to dental mesenchymal stem cells (MSCs) during tooth organo- 
genesis, we used mouse strains allowing for permanent genetic labelling 
of multipotent*? Schwann cell precursors (SCPs) and Schwann cells. 

Proteolipid protein 1 (PLP1) and sex-determining region Y-box 10 
(Sox10) are expressed in cranial neural crest, but after migration around 
embryonic days (E)9-10, they are retained in SCPs and not in mesench- 
yme'®"'. SCPs at E11.5-12.5 express typical markers of Schwann cell 
lineage (Supplementary Information and Extended Data Fig. 1). PLP- 
CreERT2 and Sox10-CreERT2 mice*’” were therefore used for lineage 
tracing of SCPs. We controlled the specificity of PLP1 expression at 
E12.5 (Fig. 1a, b) and confirmed SCP-selective recombination in PLP- 
CreERT2/R26YFP mice by injecting tamoxifen at E12.5. Twenty-four 
hours later, traced cells expressing yellow fluorescent protein (YFP *) 
were located along nerves (Fig. 1c, Supplementary Information and Ex- 
tended Data Fig. 1m-p). CreERT2 protein was confined to Sox10* SCPs 
(Supplementary Information and Extended Data Fig. 1q-t). After tracing 
for 36 h, mesenchymal YFP*/CreERT2° cells appeared close to nerves at 
the tooth site (Supplementary Information and Extended Data Fig. 2a-d). 
Induction of recombination at E12.5 and harvesting at E15.5-17.5 resulted 


in numerous traced cells along peripheral nerves and inside develop- 
ing incisors (Fig. 1d-f, Supplementary Information and Extended Data 
Fig. 3a-g). YFP* cells formed streams towards the odontoblast layer in 
spatial coordination with YFP~ odontoblasts (Fig. 1d). This was indepen- 
dently confirmed in Sox10-CreERT2 embryos (Fig. 1i-k and Supplemen- 
tary Information and Extended Data Fig. 3h—-k). Sox10 is expressed in 
SCPs and not in mesenchyme at E12.5 and at E15.5 (Fig. 1g—h, Sup- 
plementary Information and Extended Data Figs la-c, g-k, q-s, 2e-o 
and 3l-n). YFP™ pulp cells and odontoblasts formed the same pattern 
as seen with PLP-CreERT2 tracing (Fig. li-k). Therefore, SCPs must 
contribute to pulp and odontoblasts since CreERT2 protein in Sox10- 
CreERT2 and PLP-CreERT2 embryos was confined to SCPs (Supplemen- 
tary Information and Extended Data Figs 2a—d, m-p and 3c-k). 

To examine if patches of SCP-derived odontoblasts and pulp cells have 
clonal structure, we crossed the PLP-CreERT2 mice to the R26RConfetti 
reporter strain that allows for colour-encoded identification of clones’. 
This experiment revealed an organized clonal relationship between SCPs, 
pulp cells and odontoblasts (Supplementary Information and Extended 
Data Fig. 4a—d) and demonstrated that SCP-derived single MSCs pro- 
duce pulpal and odontoblast fates (Supplementary Information and 
Extended Data Fig. 4e). We next examined whether ectomesenchyme- 
derived MSCs generate the same fates and patterns as SCP-derived MSCs. 
We induced recombination in neural crest at E8.5 in PLP-CreERT2/ 
R26RConfetti strain, before segregation of CreERT2 expression into glial 
lineage. Recombination in both nerve-associated cells and ectomesen- 
chyme was confirmed at E9.5 (Fig. 2a). When embryos were analysed 
at E17.5, it became apparent that ectomesenchyme- and SCP-derived 
MSCs generate the same fates and patterns in pulp and odontoblast layer 
(Fig. 2b-f). 

To address whether Schwann cells generate MSCs also in adult grow- 
ing incisors, we first confirmed that all Sox10* cells in the apical pro- 
liferative zone were nerve-associated (Supplementary Information and 
Extended Data Fig. 5) and expressed Schwann cell markers (Supplemen- 
tary Information and Extended Data Fig. 6a—g). CreERT2 protein was 
found in the apex at nerve sites in Sox10-CreERT2 and PLP-CreERT2 
teeth (Supplementary Information and Extended Data Fig. 6h—-q). Addi- 
tionally, expression of CreERT2 protein driven by the PLP-promoter 
was identified exclusively in a subpopulation of Sox10* Schwann cells 
(Supplementary Information and Extended Data Fig. 6j-q). Next, we 
used PLP-CreERT2 and Sox10-CreERT2 animals to analyse the progeny 
in growing incisors. We injected tamoxifen at postnatal day 60-85 and 
analysed the teeth 2-3 days later. Small numbers of YFP* cells appeared 
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Figure 1 | SCPs give rise to pulp cells and odontoblasts in the developing 
tooth. a, b, In situ hybridization with PLP1 riboprobe (a) on a section of 
developing mandibular incisor at E12.5 post-stained for Tujl (B-III-tubulin) * 
nerves (b). Arrows indicate identical locations. c, Mandible of PLP-CreERT2/ 
R26YFP embryo traced from E12.5 to E13.5. See Extended Fig. 2 for details. 
d-f, Incisor (d) traced from E12.5 to E17.5, PLP-CreERT2/R26YFP embryo. 
e, Magnified region from d. f, Nerve and apical mesenchyme, confocal stack. 
In e, arrows indicate odontoblasts. g, h, In situ hybridization with Sox10 
riboprobe (g) on an E15.5 mandible post-stained for Tujl” fibres (h). Arrows 
point at identical locations. i, j, Incisor at E17.5 (i) from Sox10-CreERT2/ 
R26YFP embryo traced from E15.5. j, The area outlined in i; arrows indicate 
odontoblasts. k, E17.5 incisor from Sox10-CreERT2/R26YFP embryo traced 
from E15.5, confocal stack. Collagen IV labelling: blood vessels; YFP*: pulp 
cells and odontoblasts (arrows). a-k, Dotted line: enamel organ. Scale bars, 
100 um (a-d, g-i); 25 um (e, f, j,k). CL1 and CL2 indicate labial and lingual 
aspects of cervical loop. 


adjacent to nerves in the apical incisor (Fig. 3a—c, Supplementary Infor- 
mation and Extended Data Fig. 7a-e). After 5 days YFP cells at the apex 
increased in numbers (Supplementary Information and Extended Data 
Fig. 7f-h). The fates of the progeny were examined at times exceeding 
the incisor self-renewal (from 30 days after tamoxifen injection). We 
found that Schwann cells give rise to dental MSCs producing pulp cells 
and odontoblasts in adult teeth (Fig. 3d—f, Supplementary Information 
and Extended Data Fig. 7i-k). 

Tracing in PLP-CreERT2/R26RConfetti mice demonstrated that streams 
of traced cells were connected to clusters of odontoblasts originating from 
same recombination events in Schwann cells (Fig. 3g-r, Supplementary 
Information and Extended Data Fig. 7i-k). The streams appeared increas- 
ingly dispersed as they approached odontoblasts labelled by the same 
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Figure 2 | Clonal contribution of neural crest to tooth development. 

a-f, Tracing of neural-crest-derived cells in PLP-CreERT2/R26Confetti 
embryos. a, Embryo traced from E8.5 to E9.5, projection of confocal stack. 
Dotted line demarcates developing head. Arrow: mandible. b-f, Sections 

of incisor traced from E8.5 to E17.5. d, f, Projections of stacks corresponding 
to areas outlined in c and e. Note correlation between colours of 
odontoblasts and adjacent pulp cells. g, Illustration of clonally organized 
pulp and odontoblasts. b, c, e, Dotted line: enamel organ. Scale bars, 

100 um (a-c); 25 um (d-f). CL1 and CL2 indicate labial and lingual aspects 
of cervical loop. 


colour (Fig. 3m). Clonal streams of pulp cells and odontoblasts intermin- 
gled at borders with non-labelled or different-coloured cells (Fig. 3l-p). 
MSCs produced high numbers of offspring, only a part of which was local- 
ized proximally to the dental epithelium and later became pre-odontoblasts. 
The majority of the progeny acquired a pulpal fate and formed orga- 
nized streams, with earlier cells progressively displaced distally. Con- 
sequently, pulp cells and odontoblasts from the same clone remained 
associated during growth. These data suggest that progenies of several 
clones compete for the limited space at the inner surface of the cervical 
loop and, thus, for the odontoblast fate and final contribution. Indeed, 
the proportion of odontoblasts within the progeny ofa single stem cell 
varied widely (Fig. 3s). Accordingly, the proximity of an MSC to the 
cervical loop correlated with the amount of odontoblast-fated progeny 
and may thus regulate the balance between odontoblast and pulp fates 
within a single clone (Fig. 3t). Additionally, streams originating closer 
to the cervical loop contained more cells and connected to larger clusters 
of odontoblasts than more central streams (Fig. 3q, t-v, Supplementary 
Information and Extended Data Fig. 8). Lastly, we found no support for 
a hypothesis that odontoblasts and pulp cells are generated from differ- 
ent pools of MSCs. 
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Figure 3 | Schwann cells give rise to dental MSCs 
in the adult incisor. a-—c, Incisor traced for 3 days 
from adult PLP-CreERT2/R26YFP mouse. Note 
protein gene product 9.5 (PGP9.5)* nerve fibres (a). 
b, c, Magnified areas from a. d, e, Incisor traced 
for 30 days from adult PLP-CreERT2/R26YFP 
mouse. Note collagen IV~ blood vessels (d). 
e, YFP* odontoblasts and adjacent pulp cells. 
f, Incisor traced for 30 days from Sox10-CreERT2/ 
R26YFP mouse. g-k, Incisor traced for 40 days 
from PLP-CreERT2/R26Confetti incisor. 
h-j, Magnified areas from g. Arrow in h indicates a 
cluster of odontoblasts; arrow in j points at CFP* 
and RFP* cells in proximity to a cervical loop at the 
Goirelation eoetidiant'=-0'534 base of CFP* and RFP* streams shown in g and 
n=29 i. k, Streams of CFP* and REP* pulp cells next to 
“° i and j. 1, m, Incisor traced for 40 days from 
ee PLP-CreERT2/R26Confetti mouse with YFP* and 
: REP* pulp cells adjacent to clusters of odontoblasts 
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To prove the importance of the innervation for tooth growth, we dener- 
vated incisors 24 h after tamoxifen injection in PLP-CreERT2/R26YFP 
mice. After 10 days we found almost no progeny in denervated teeth, while 
contralateral control teeth contained abundant YFP~ odontoblasts and 
pulp cells (Supplementary Information and Extended Data Fig. 8j-p). Thus, 
generation of a progeny from PLP * cells is impaired without innervation. 

We quantified the amount of Schwann-cell-derived progeny in PLP- 
CreERT2/R26YFP mice (Supplementary Information and Extended Data 
Figs 71 and 9a) and found that it varied from 8.23 + 3.3% (single tamox- 
ifen injection) to 47.28 + 4.02% (multiple injections) (Supplementary 
Information and Extended Data Fig. 7m-o). Hence, in addition to Schwann 
cells and SCPs, there are other sources of dental MSCs, possibly pericytes, 
which generate odontoblasts in injured teeth’*. We addressed whether 
pericytes could be derived from peripheral glia, using NG2 staining"* 
on sections from traced mice. However, NG2” pericytes in teeth were 
never YFP“. Similar results were obtained in adult incisors (Supplemen- 
tary Information and Extended Data Fig. 10). Thus, we exclude pericytes 
as an intermediate for the Schwann-cell- and SCP-derived pulp cells 
and odontoblasts. 

Next we searched for stem cell markers in Schwann-cell-derived dental 
MSCs. Results from an array of methods strongly suggest that a population 
of Schwann-cell-derived dental MSCs are Thy1 (CD90) 7 (Supplemen- 
tary Information, Extended Data Fig. 9 and Supplementary Video 1). 
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Finally, we examined if Schwann-cell-derived cells produce regen- 
erative dentine after trauma. We induced recombination in adult PLP- 
CreERT2/R26YFP mice, and allowed Schwann cells to generate progeny 
for 1 month. We then inflicted a confined damage to the tooth (Fig. 4a). 
Six days later, numerous traced cells were observed at the injury site, 
including odontoblast-like alizarin-red-positive cells adjacent to matrix 
fragments (Fig. 4b-f). Such features were not seen in intact teeth (Fig. 4g—h) 
or other controls (Fig. 41). To confirm that PLP-CreERT2-traced cells 
produce mineralized matrix, we cultured dissociated traced tooth pulp 
explants for 1 week. YFP“ cells were then sorted by fluorescence-activated 
cell sorting (FACS) for cultivation in an osteogenic assay (Fig. 4j). Under 
these conditions, YFP~ cells deposited mineralized matrix (Fig. 4k-). 
Thus, Schwann-cell-derived cells exhibit MSC-like characteristics and 
participate in the regeneration of dentine after damage. 

To conclude, SCPs and Schwann cells contribute to development, 
growth and regeneration of teeth. The concept of glia-to-MSC trans- 
ition expands the borders of the multipotency of SCPs’* and suggests 
that Schwann cells and SCPs are dormant neural-crest-like cells that 
can be recruited from nerves and contribute to peripheral tissues. On 
the basis of our results, Schwann cells and SCP might be the in vivo origin 
of neural-crest-derived multipotent stem cells identified in cultures of 
dissociated embryonic and adult tissues and designated as postmigra- 
tory cranial neural crest cells'® and skin-derived precursors”. 
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Six days after the damage inflicted to PLP-CreERT2/R26YFP incisor traced for 1 month 


Osteogenic potential of glia-derived cells 


YFP* pulp cells 


Explant culture Lb 


Figure 4 | Schwann-cell-derived cells participate 
in regeneration of incisors after damage. 

a, Damage to 1-month traced PLP-CreERT2/ 
R26YFP adult incisor. Red highlights the injured 
region. b-e, YFP cells at the injury site, after 
recovery for 6 days. Needle silhouette shows 
direction of damage. c, d, Magnified area from 

b, confocal stack. e, Alizarin red staining of 
damaged region outlined in b. Note stained area 
around ectopic matrix. Arrows in c-e point at 
YEP* cells adjacent to ectopic matrix; dotted line 
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METHODS SUMMARY 


We used PLP-CreERT2/R26 YFP*"”, Sox10-CreERT2/R26YFP*, Thy1-Cre/R26YFP'* 
and R26Confetti® mouse strains. Immunohistochemistry and in situ hybridization 
used standard protocols on frozen sections of embryos or adult teeth. Multispectral 
imaging used Zeiss LSM700 and Zeiss LSM780 confocal systems'?. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Antifungal drug resistance evoked via 
RNAi-dependent epimutations 
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Microorganisms evolve via a range of mechanisms that may include or 
involve sexual/parasexual reproduction, mutators, aneuploidy, Hsp90 
and even prions. Mechanisms that may seem detrimental can be repur- 
posed to generate diversity. Here we show that the human fungal path- 
ogen Mucor circinelloides develops spontaneous resistance to the 
antifungal drug FK506 (tacrolimus) via two distinct mechanisms. 
One involves Mendelian mutations that confer stable drug resistance; 
the other occurs via an epigenetic RNA interference (RNAi)-mediated 
pathway resulting in unstable drug resistance. The peptidylprolyl isom- 
erase FKBP12 interacts with FK506 forming a complex that inhibits 
the protein phosphatase calcineurin’. Calcineurin inhibition by FK506 
blocks M. circinelloides transition to hyphae and enforces yeast growth’. 
Mutations in the fkbA gene encoding FKBP12 or the calcineurin cnbR 
or cnaA genes confer FK506 resistance and restore hyphal growth. 
In parallel, RNAi is spontaneously triggered to silence the fkbA gene, 
giving rise to drug-resistant epimutants. FK506-resistant epimutants 
readily reverted to the drug-sensitive wild-type phenotype when grown 
without exposure to the drug. The establishment of these epimutants 
is accompanied by generation of abundant fkbA small RNAs and 
requires the RNAi pathway as well as other factors that constrain or 
reverse the epimutant state. Silencing involves the generation of a 
double-stranded RNA trigger intermediate using the fkbA mature 
mRNA as a template to produce antisense fkbA RNA. This study 
uncovers a novel epigenetic RNAi-based epimutation mechanism 
controlling phenotypic plasticity, with possible implications for anti- 
microbial drug resistance and RNAi-regulatory mechanisms in fungi 
and other eukaryotes. 

The pathogenic fungus M. circinelloides grows as hyphae aerobically, 
and as yeast in low oxygen and high-CO, conditions’. FKBP12 is a prolyl 
isomerase conserved throughout eukaryotes that interacts with FK506 
and rapamycin and mediates their antifungal activity in M. circinelloides* 
and other fungi. The FKBP12-FK506 and FKBP12-rapamycin com- 
plexes inhibit the protein phosphatase calcineurin and the Tor kinase, 
respectively’. FK506 inhibition of calcineurin blocks hyphal growth of 
M. circinelloides and enforces yeast-phase growth’ (Fig. 1a and Extended 
Data Fig. 1a). Exposure to FK506 yields drug-resistant isolates exhibit- 
ing hyphal growth emerging from the yeast colony periphery (Extended 
Data Fig. 1a) at a ratio of one resistant isolate out of ~1 X 10° yeast 
cells. A subset of FK506-resistant (FK506’) isolates harbour mutations 
in the fkbA gene encoding FKBP12 or the calcineurin A or B subunit 
genes cnaA and cnbR (45 of 64 isolates (~70%), Supplementary Table 1)”. 

However, several FK506' isolates (17 of 64 (~27%)) harboured no 
mutations in the fkbA or calcineurin target genes. These isolates exhib- 
ited resistance to FK506 and rapamycin, but not to cyclosporin A (CsA, 
which, similar to FK506, enforces largely yeast growth, Fig. 1a) or other 
drugs (nystatin, amphotericin B, not shown), suggesting that they had 
not developed multidrug resistance mechanisms. These unusual drug- 
resistant isolates also reverted frequently within several generations of 


vegetative growth on drug-free media and were restored to a wild-type 
phenotype (yeast growth on exposure to FK506) (Extended Data Fig. 1b, c). 
Expression analyses revealed a complete loss of fkbA mRNA and FKBP12 
protein in these drug-resistant isolates when grown in media containing 
FK506. In contrast, mRNA and protein levels were reduced but detect- 
able in some resistant isolates when grown in drug-free media (Fig. 1b, c) 
and were restored to wild-type levels in revertant isolates that became 
FK506-sensitive (FK506°) following growth in drug-free media (Fig. 1b, c). 
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Figure 1 | RNAi-dependent epimutations confer FK506 resistance in 

M. circinelloides. a, Wild-type (WT, NRRL3631), fkbA mutant (fkbAA) and 
epimutant strains were grown on yeast extract peptone dextrose (YPD) media 
alone or supplemented with FK506, rapamycin or cyclosporin A (CsA). 
Images are representative of two independent experiments. b, c, The epimutant 
strains EM1, EM2 and EM3 were grown on YPD media with FK506 (FK506 
lanes) or YPD drug-free media (R lanes). The reverted strains EM1-S, EM2-S 
and EM3-S were grown in YPD media (S lanes) and whole cell protein and 
RNA extracts were prepared. b, Equivalent protein amounts (120 1g) were 
resolved by SDS-PAGE and analysed by western blot with an anti-S. cerevisiae- 
FKBP12 antibody. An S. cerevisiae extract (Sc) was included as control for 
antibody specificity; tubulin served as a loading control. Images are 
representative of seven independent experiments. c, 50 jig total RNA was 
analysed by northern blot employing probes specific for fkbA, act1 (loading 
control) and antisense fkbA mRNAs. Images are representative of six 
independent experiments for the fkbA and act1 probes, and two for the 
antisense fkbA probe. 
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Figure 2 | Epimutant strains express abundant sRNA antisense to fkbA. 

a, SRNAs were extracted from wild-type, epimutants (FK506 and R lanes) 
and reverted strains (S lanes) after growth in YPD media alone (R, S lanes) 
or with FK506 (FK506 lanes). sRNAs (25 1g) were analysed by sRNA blot 
employing an antisense-specific probe for the fkbA gene or a probe for 5S rRNA 
(loading control). Images representative of three independent experiments. 

b, The presence of sense and antisense fkbA sRNA was analysed by high- 
throughput sequencing in wild-type, epimutants and two revertant strains 
(EM1-S and EM3-S). sRNA amount is expressed in reads per million, and they 
are distributed along the fkbA open reading frame (bottom). c, Analysis of 
size and first nucleotide (inset) of antisense sRNAs. The representation 
corresponds to data obtained from isolate EM1-R. Similar results were 
observed for the EM2-R and EM3-R epimutants. 


As drug resistance was reversible and an active RNAi pathway is pres- 
ent in the organism®’ we hypothesized that drug resistance is RNAi- 
mediated. Notably, small RNAs (sRNAs) complementary to fkbA were 
detected in these unusual drug-resistant isolates (Fig. 2a and Extended 
Data Fig. 2a), suggesting a new role for RNAi in the development of tran- 
sient resistance to antifungal drug exposure. Consistent with the expres- 
sion analyses, the sRNA signal was highly abundant during growth with 
FK506 (100%), less abundant when the isolates were grown in drug-free 
media (~62% and ~25% for epimutant strains EM2 and EM3, respec- 
tively, Fig. 2a) and lost when drug resistance reverted (0-0.02%). The fkbA 
silencing was not associated with DNA methylation in M. circinelloides 
(Extended Data Fig. 2b). We term these unusual drug-resistant isolates 


epimutants, by analogy with studies in fungi*”, plants’® and animals’, 


in which epimutations have been described as silencing of genes that are 
usually active, or vice versa’’. 

Our first hypothesis was that RNAi could be triggered via double- 
strand RNA (dsRNA) production from the overlap in the 3’ regions 
between fkbA and its convergently transcribed neighbouring gene patA 
(Extended Data Fig. 3 and Supplementary Table 2). But patAA mutants 
did not show any effect on the frequency of fkbA epimutational silenc- 
ing (Table 1, Supplementary Table 1 and Extended Data Fig. 4). 3’ rapid 
amplification of cDNA end assays confirmed that the mRNA from fkbA 
gene and the pyrG marker replacing patA were not overlapping (Sup- 
plementary Table 2). Thus, expression of patA to generate overlapping 
RNA molecules is not necessary for fkbA silencing. 

As fkbA is a highly expressed gene (Fig. 1c), and a high RNA turn- 
over rate has been implicated in the production of aberrant RNA and 
triggering of silencing'*’, we speculated that an fkbA antisense RNA 
may be generated by an RNA-dependent RNA polymerase (RdRP)"*. 
Northern blot analysis with an fkbA antisense-specific probe revealed an 
antisense fkbA mRNA in all strains with robust fkbA expression (Fig. 1c). 
This fkbA antisense RNA is perfectly complementary to the intron-spliced 
mature fkbA sense mRNA, and is 5’ capped and polyadenylated (Extended 
Data Fig. 5). Thus, the antisense RNA is generated from the mature fkbA 
mRNA. The fkbA antisense RNA is expressed in the wild-type strain 
(Fig. 1c); however, RNAi is activated in only a subset of cells selected 
with FK506. The in vivo efficiency of dsRNA formation or its transport 
to the cytoplasm may limit sRNA levels restricting silencing to fewer 
cells. Only traces of antisense sRNAs complementary to fkbA (16 reads) 
were detected in the wild-type strain by high-throughput sequencing 
(Extended Data Fig. 6), supporting this hypothesis. 

To test if mutations may have occurred to promote the formation 
of epimutations, the reverted and now sensitive epimutant strains were 
exposed to a second round of FK506 to isolate mutants/epimutants. The 
frequency of epimutation versus mutation to FK506' in the reverted epi- 
mutant strains was similar or even lower than in the parental wild-type 
strain (Extended Data Fig. 7). Thus, the underlying mechanism appears 
solely epigenetic and does not require any genetic change in the genome 
to promote epimutation. 

High-throughput sequencing demonstrated abundant sRNAs com- 
plementary to the fkbA mRNA (antisense) as well as sense sRNA in three 
epimutant resistant isolates, but these were barely detectable in the wild- 
type strain or in the two corresponding FK506* revertants analysed (Fig, 2b). 
Some sRNA sequences spanned exon-exon junctions (Fig. 2b and Ex- 
tended Data Fig. 8a), indicating that the source and target of the sRNA 
is mature mRNA. Most of these sRNAs average 21-24 nucleotides in 
length, with a bias towards 5’ terminal uridine (Fig. 2c), features typical 
of sRNAs that interact with Argonaute proteins. No further loci were 
detected exhibiting the same pattern of sRNA production: high level in 
epimutants and very low levels in wild-type and reverted strains (Ex- 
tended Data Fig. 8b). Silencing pathways can operate constitutively on 
M. circinelloides endogenous genes during normal growth’. In contrast, 


Table 1 | Frequency of epimutants/mutants in the wild-type, patA and RNAi mutant strains 


Strain Background Total analysed Mutations in fkbA — Mutations in cnaA/cnbR No mutation found = Epimutants (no.) Epimutants (%) P value 
NRRL3631 Wild type 33 22 0 ii 10 30.3 
R7B leuA~ 31 22 1 8 7 22.6 
MU434 patAA::pyrG leuA~ 33 28 0 5 5 15.2 0.531 
MU435 patAA::pyrG leuA~ 33 26 0 i 7 21.2 i! 
MU406 dcl1A::pyrG leuA~ 25 23 1 1 1 4 0.06 
MU407 dcl1A::pyrG leuA~ 21 18 3 0 ) <48 0.033 
MU410 dcl2A::pyrG leuA~ 34 31 2 1 ) <29 0.004 
MU413 ago1A::pyrG leuA~ 26 25 1 0 ) <38 0.012 
MU426 ago1A::pyrG leuA~ 27 27 0 0 6) <3.7 0.012 
MU416 ago2A::pyrG leuA~ 23 16 3 4 4 174 0.741 
MU414 ago3A::pyrG leuA~ 27 22 1 4 4 148 0.518 
MU419 rdrp1A::pyrG leuA~ 32 6 0 26 26 81.3 0.000004 
MU420 rdrp2A::pyrG leuA~ 25 23 2 0 ) <4.0 0.013 
MU428 rdrp2A::pyrG leuA~ 2i 26 1 0 ) <3.7 0.012 


P values were obtained based on a Fisher Exact Probability Test for a 2x2 Contingency Table, comparing each of the mutant strains individually versus the R7B strain. 
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the FK506-selected silencing of the fkbA gene may not affect other loci. 
However, no other phenotypes were selected and sRNAs are often lost 
without selection (Fig. 2a and Extended Data Figs 1b and 8b). 

To test if silencing was driven and enhanced by a genome-wide increase 
in stress-activated RNAi, the wild-type strain was exposed to stress con- 
ditions before FK506 exposure (Supplementary Table 3). However, ana- 
lysis of recovered FK506" isolates did not show an increase (or decrease) 
of epimutation frequency in fkbA (Supplementary Table 4). Thus, either 
stress fails to activate RNAi or we have not identified the precise acti- 
vating stress. The calcineurin inhibitor CsA also did not increase epi- 
mutations conferring FK506 resistance; thus inhibition of calcineurin 
(by CsA or FK506) does not activate RNAi. 

To investigate if sRNAs generated against fkbA are produced by canon- 
ical RNA silencing, we screened for epimutants in mutants lacking RNAi 
pathway components. No epimutants were found in dcl2, agol or rdrp2 
mutants (Table 1 and Extended Data Fig. 9a), showing that Dcl2 (Dicer), 
Agol (Argonaute) and RdRP2 are necessary for endogenous silencing 
of fkbA. Dcl2 and Agol are essential for both transgene-induced and 
endogenous silencing in M. circinelloides”””°. RdRP2 is essential to amplify 
RNAisignals for transgene-induced silencing", but was thought to play 
a role secondary to RdRP1 for endogenous RNA isilencing’. Instead, we 
find RdRP2 is crucial, suggesting that different pathways for endoge- 
nous silencing operate in M. circinelloides, which may be correlated with 
the four different known classes of exonic siRNA (ex-siRNA)’. Notably, 
we found only one epimutant in two independent dcl1 mutants (1 of 46 
FK506" isolates, 2.2%, Table 1, Supplementary Table 1 and Extended 
Data Fig. 9a). Dcll is not known to have any essential role in transgene- 
induced or endogenous silencing’”’, but does have an auxiliary function 
in mutants lacking Dcl2 (ref. 19). The paucity of fkbA epimutants in the 
dcl2 and dcl1 mutant backgrounds suggests that both Dcll and Dcl2 are 
involved in epimutational fkDA silencing. ago2 and ago3 mutants exhibited 
a wild-type frequency of silencing (15-17%, Table 1 and Extended Data 
Figs 9a and 2a), thus Ago2 and Ago3 are dispensable for epimutation”. 
These results reveal that establishment of epimutants in M. circinelloides 
depends on Dcl2, Dcl1, Agol and RdRP2. Except for Dcll, these genes 
are involved in biogenesis of the known class I type of ex-siRNA’. Thus, 
although epimutant genetic requirements could suggest that a distinct 
sRNA class is involved (given the role of Dcl1), we cannot exclude the 
possibility that fkbA silencing is due to an atypical class I ex-siRNA. 

Unexpectedly, our studies revealed a novel role for RdRP1 in con- 
straining epimutational silencing. RdRP1 is required for RNA silencing 
of exogenous sense transgenes in M. circinelloides. When DNA alleles 
producing dsRNA are introduced, this bypasses RdRP1 to evoke gene 
silencing’*. As noted above, RdRP1 has a major role in endogenous 
silencing’. RdRP1 is hypothesized to be central for activating RNAi by 
generating dsRNA from the single-stranded RNA (ssRNA) precursor, 
both from sense transgenes or mRNA. In this model, RdRP1 should be 
essential for triggering fkbA silencing because it involves an fkbA dsRNA 
(Fig. 1c and Extended Data Fig. 5). Surprisingly, the rdrp1 mutant showed. 
an elevated silencing rate of ~80% (versus ~22% in wild-type, Table 1 and 
Extended Data Fig. 9a and 2a) and the epimutants isolated in this mutant 
did not revert on drug-free media (epimutant strain EM4, Extended Data 
Fig. 1b). In Caenorhabditis elegans the rrf-3 mutant lacking one of several 
RdRPs has a similar enhanced RNAi phenotype”. RRF-3 has also been 
proposed to generate dsRNA from mRNA templates”, hence RdRP1 
and RRF-3 could serve analogous roles. Furthermore, the exosome and 
RNAi pathways in Schizosaccharomyces pombe compete in their degra- 
dation activities. Both mechanisms share common targets”, and in the 
rdp1 mutant sRNA formation is abolished and mRNAs are primarily 
directed to the exosome”®. In Mucor, RdRP1 could have an opposing role 
to RNAi, promoting assembly of exosome machinery on specific mRNA 
targets and thereby avoiding activation of RNAi under normal condi- 
tions, as was suggested previously’. 

To test which RdRP might generate dsRNA from fkbA mRNA, we tested 
for fkbA antisense RNA in silencing mutants (Extended Data Fig. 9b). 
All strains analysed expressed the antisense RNA at similar levels, even 
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in the rdrp1 and rdrp2 mutants. The two RdRP polymerases could have 
a redundant role in generating fkbA antisense RNA (rdrp1 rdrp2 dou- 
ble mutants appear inviable, precluding analysis, not shown), or other 
rdrp genes may participate. 

Together these results provide evidence for a different route for the 
processing of endogenous sRNA, wherein RdRP2, Agol and both Del 
proteins are necessary to silence mRNA expression via epimutation, and 
RdRP1 hasan unexpected role constraining epimutational silencing. We 
consider two possible models. In the first, sRNAs are produced consti- 
tutively and stochastically at low levels against the entire genome or some 
designated loci, allowing adaptation to environments through an RNAi- 
based pathway. In the second model, some mechanism activates RNAi 
under adverse or novel physiological conditions, facilitating genomic and 
phenotypic plasticity. Either could explain the broad range of environ- 
ments in which M. circinelloides grows, and the limited antifungal drug 
susceptibility. 

Previous studies showed that the M. circinelloides species complex 
includes three distinct subspecies: M. circinelloides f. lusitanicus, M. 
circinelloides f. circinelloides, and M. circinelloides f. griseocyanus”’. Mat- 
ing barriers and phylogenetic separation provide evidence that these 
three lineages are different enough to represent distinct species. To gen- 
eralize our findings, two M. circinelloides f. circinelloides strains (Mucho, 
1006PhL”), and an M. circinelloides f. griseocyanus strain (ATCC1207a) 
were tested in addition to the M. circinelloides f. lusitanicus strains. Only 
the M. circinelloides f. circinelloides strains grew as yeast in the presence 
of FK506 (Extended Data Fig. 10a), enabling the recovery of FK506' iso- 
lates. The two M. circinelloides f. circinelloides strains exhibited different 
patterns of genomic plasticity; FK506" isolates appeared earlier in 1006PhL 
than Mucho (5-7 days versus 5-15 days) and 2.5-fold more isolates were 
recovered from 1006PhL (Supplementary Table 5). Epimutants silenc- 
ing fkbA occurred in the pathogenic isolate 1006PhL at a surprisingly 
higher rate (90%) than in Mucho (<7.7%) or the M. circinelloides f. 
lusitanicus strains (~20-30%) (Supplementary Table 5 and Extended 
Data Fig. 10b). M. circinelloides f. circinelloides is the most common Mucor 
species associated with human infection. The enhanced ability to acti- 
vate RNAi exhibited by the 1006PhL virulent isolate suggests that RNAi 
may enable this fungal pathogen to readily adapt both in nature and the 
host. Further studies are required to elucidate whether our observations 
are generally applicable, or if not, how specificity is brought about. 

This study underscores the ability of M. circinelloides to adapt to the 
environment through two different routes of phenotypic variation, one 
stable (mutation) and one transient (epimutation). This plasticity evokes 
a broader phenotypic repertoire including the ability to reverse epimu- 
tations when selective pressures are relaxed. This is, to our knowledge, 
the first known example of epimutations involving an endogenous gene 
in fungi identified in a standard genetic screen; however, given the ubiq- 
uity of RNAi it is unlikely to be unique. While this example involves resis- 
tance to an antifungal drug in a human fungal pathogen, these findings 
could have implications beyond novel modes of transient antimicro- 
bial resistance for the broader evolutionary trajectory of this and other 
eukaryotes with active RNAi pathways. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Functional polarization of tumour-associated 
macrophages by tumour-derived lactic acid 
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Macrophages have an important role in the maintenance of tissue 
homeostasis’. To perform this function, macrophages must have the 
capacity to monitor the functional states of their ‘client cells’: namely, 
the parenchymal cells in the various tissues in which macrophages 
reside. Tumours exhibit many features of abnormally developed organs, 
including tissue architecture and cellular composition’. Similarly to 
macrophages in normal tissues and organs, macrophages in tumours 
(tumour-associated macrophages) perform some key homeostatic 
functions that allow tumour maintenance and growth* °. However, 
the signals involved in communication between tumours and mac- 
rophages are poorly defined. Here we show that lactic acid produced 
by tumour cells, as a by-product of aerobic or anaerobic glycolysis, 
has a critical function in signalling, through inducing the expression 
of vascular endothelial growth factor and the M2-like polarization 
of tumour-associated macrophages. Furthermore, we demonstrate 
that this effect of lactic acid is mediated by hypoxia-inducible factor 
1a (HIF14a). Finally, we show that the lactate-induced expression of 
arginase 1 by macrophages has an important role in tumour growth. 
Collectively, these findings identify a mechanism of communication 
between macrophages and their client cells, including tumour cells. 
This communication most probably evolved to promote homeosta- 
sis in normal tissues but can also be engaged in tumours to promote 
their growth. 

To study tumour-macrophage interactions, we used syngeneic murine 
tumour models of Lewis lung carcinoma (LLC) and B16-F1 (B16) mel- 
anoma cancer cell lines. LLC and B16 cells were subcutaneously injected 
into C57BL/6J mice. At day 19, the tumours were harvested and analysed 
for the presence of macrophages. Histological analysis showed that, in 
both LLC and B16 tumours, F4/80* macrophages and CD1 1b* mac- 
rophages were present at a high density in the tumour periphery, as well 
as in cords and clusters throughout the interior of the tumours (Extended 
Data Fig. 1a, b). Fluorescence-activated cell sorting (FACS) analysis showed 
that the F4/80*CD11b* macrophages constituted between 1% and 6% 
ofall cells within the tumours. Although the extent of macrophage recruit- 
ment varied between the tumour types, it remained constant for tumours 
of each type (Extended Data Fig. 1c, d). The sorted tumour-associated 
macrophages (TAMs) were vacuolated or foamy in appearance and thus 
morphologically distinct from peritoneal macrophages (Extended Data 
Fig. le). The TAMs expressed high levels of vascular endothelial growth 
factor (Veg; also known as Vegfa) and arginase 1 (Arg1) messenger RNA 
compared with peritoneal macrophages (Fig. 1a, b), and they expressed 
more Vegfand Arg] mRNA than all of the other cells within the tumour 
combined. Thus, consistent with the current thinking® , tumour cells recruit 
macrophages and induce their functional polarization into TAMs. 

We hypothesized that tumour-derived signals activate macrophages 
to reach a tumour-promoting state that is characterized by the expres- 
sion of Arg] and Veg. The upregulation of Vegfand Arg] in macrophages 
might support tumour growth by inducing neovascularization and by 


providing the substrates for cancer cell proliferation, respectively”®. There- 
fore, we used Vegf and Arg] mRNA as read-outs to study the signals that 
tumours produce that promote the functional polarization of TAMs. The 
expression of Vegf has been characterized best in the context of hypoxia’, 
whereas Arg! expression in macrophages has been best characterized 
in response to the T-helper-2-derived cytokines interleukin 4 (IL-4) and 
IL-13 (ref. 8). First, we tested whether Vegfand Arg] induction in macro- 
phages is mediated by a secreted tumour-derived signal. We incubated 
bone-marrow-derived macrophages with LLC-tumour-conditioned medium 
and measured Vegfand Arg] expression in the macrophages. Tumour- 
conditioned media induced both Vegfand Arg] expression in bone-marrow- 
derived macrophages under normoxic conditions (Fig. 2a, b). 

Vegf expression is induced by ischaemia, during which the loss ofboth 
oxygen and nutrients can induce Vegf through different pathways: hyp- 
oxia induces Vegf expression via the transcription factor HIF1«, while 
nutrient deprivation induces Vegf expression through the transcriptional 
co-activator PGC1a (peroxisome-proliferator-activated receptor y, co- 
activator 1x)°. We found that a tumour-derived signal(s) induces Vegf 
expression in macrophages under normoxic conditions by the same path- 
way through which hypoxia induces Vegf expression: that is, stabiliza- 
tion of HIF1a. Macrophages stimulated by tumour-conditioned media 
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Figure 1 | TAMs express high levels of Vegfand Arg] mRNA. 

a, b, Expression analysis by quantitative PCR (qPCR) of Vegfand Arg] mRNA 
in FACS-sorted peritoneal macrophages (PM), TAMs and all other cells (AO) 
within the tumour from day 19 LLC tumours. Expression is shown relative 
to the left histogram bar. 
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Figure 2 | A soluble factor in tumour-conditioned medium induces Vegf 
and Arg] via HIF1a. a, b, Expression analysis by qPCR of Vegf (a) and Argl 
(b) mRNA in bone-marrow-derived macrophages grown under conditions of 
normoxia (20% O2) or hypoxia (0.1% Oz) (left panels) or stimulated with 
control medium (DMEM) or LLC-tumour-conditioned medium (right panels). 
c-f, Expression analysis by qPCR of Vegf (c, d) and Argl (e, f) mRNA in 
wild-type (WT) and Hifla " bone-marrow-derived macrophages stimulated 
with LLC-tumour-conditioned medium (d, f) or hypoxia (0.1% Oy) (¢ e). The 
histogram bars represent the expression level of three biological replicates 
(relative to the left histogram bar), displayed as mean + s.e.m. *P < 0.01, using 
a two-tailed, unpaired t-test. All experiments were performed at least twice. 


had stabilized HIFlo protein under normoxic conditions (Extended 
Data Fig. 2a). Furthermore, using luciferase reporter assays that deter- 
mined both the stability of the HIF1« protein’s oxygen-dependent domain 
and the activity of the Vegf promoter, we found that tumour-conditioned 
media stabilized HIF1o and induced the Vegf promoter under normoxic 
conditions to a level similar to that induced by hypoxia (Extended Data 
Fig. 2b, c). In addition to HIF 14 protein stabilization, tumour-conditioned 
media induced the expression of the inducible isoform of the HIF1A 
gene (HIFIA I.1) but not the constitutive isoform (HIF1A I.2). Neither 
the Pgcla nor Pgc1b co-activator, which are associated with the induction 
of Vegf during nutrient deprivation, was induced by tumour-conditioned 
media (Extended Data Fig. 2d, e). To determine whether HIF 1a is critical 
for tumour-induced upregulation of Vegfand Arg] expression, we used 
Hifla" x Lysm**"* mice, in which HIF1 «xis specifically deleted in myeloid 
cells. In the resultant Hifla_‘~ macrophages, neither Vegfnor Arg] was 
induced by either hypoxia or tumour-conditioned media (Fig. 2c-f). Toge- 
ther, these findings indicate that a tumour-derived soluble factor(s) induce 
Vegf and Arg1 in macrophages via HIF1o under normoxic conditions. 

After determining that the tumours induced Vegfand Argl expression 
via HIF1o, we next sought to identify the tumour-derived soluble factor 
capable of activating HIF1« under normoxic conditions. The tumour- 
conditioned medium was fractionated by size (<3 kDa and >3 kDa), 
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and the activity of both fractions was tested. Both unfractionated tumour- 
conditioned medium and the <3 kDa fraction stabilized HIFlo and 
upregulated Argl expression (Fig. 3a and Extended Data Fig. 2f); the 
>3 kDa fraction had none of these effects. Furthermore, the <3 kDa 
fraction strongly upregulated Arg! and Vegf expression (Fig. 3b and 
Extended Data Fig. 2g). Its activity was also heat stable: that is, itinduced 
Argl and Vegf after prolonged boiling (Extended Data Fig. 2h). 

At least four soluble factors of <3 kDa are known to stabilize HIF1la 
under normoxic conditions: adenosine, acidic pH, pyruvate and lactate”. 
Acidic pH was not able to stabilize HIF1o in macrophages under nor- 
moxic conditions, and an inhibitor of adenosine did not abrogate the 
induction of Vegfby tumour-conditioned medium (Extended Data Fig. 2i, j). 
We therefore focused on the possibility that tumour-derived lactate is 
the soluble factor responsible for the polarization of TAMs. Warburg 
observed that cancer cells preferentially perform aerobic glycolysis: that is, 
they convert most glucose molecules into lactate regardless of the amount 
of oxygen present'’. Furthermore, the eponymous Warburg effect is 
also observed in most cells undergoing rapid proliferation’. It has been 
hypothesized that aerobic glycolysis is conducive to cell proliferation 
because, despite the consequent reduction in ATP production, aerobic 
glycolysis produces metabolic precursors, such as lactate, for biosynthetic 
pathways, and these precursors may be the limiting factor during rapid 
cell proliferation”. 

One of the key enzymes involved in aerobic glycolysis is pyruvate kinase, 
which catalyses the production of pyruvate from its precursor during 
glycolysis. Specifically, the M2 isoform—but not the M1 isoform—of 
pyruvate kinase is preferentially active during aerobic glycolysis'’. When 
cells expressing the M2 isoform were compared with cells expressing 
the M1 isoform for differences in the intracellular metabolites that they 
produced, the levels of lactate and pyruvate produced proved to be the 
most different. We investigated the differential expression of the M1 
(Pkm1) and M2 (Pkm2) isoforms in different tumour cell lines and normal 
tissues. As expected, whereas PKM1 was the predominant isoform in 
differentiated tissues, particularly in metabolically active brown adi- 
pose tissue, muscle and heart, Pkm2 was the predominant isoform ina 
variety of tumour cell lines (Extended Data Fig. 3a-c). 

We next measured the levels of lactic acid in the media froma variety 
of tumour cell lines. Interestingly, LLC and B16 cells—the most malig- 
nant tumour lines tested—yielded the highest concentrations of lactate 
(Fig. 3c), suggesting that the Pkm2 expression level and the subsequent 
lactate production correlate with tumour malignancy. When macrophages 
were then stimulated with these tumour-conditioned media, the mag- 
nitude of Vegfinduction correlated with the amount of lactate that accu- 
mulated in the media (Fig. 3d). 

When the tumour-conditioned media were fractionated, the vast major- 
ity of the lactate partitioned into the <3 kDa fraction (Extended Data 
Fig. 3d). Furthermore, lactic acid alone was sufficient to induce Vegfand 
Argl expression in macrophages in a dose-dependent manner (Fig. 3e, f). 
Using mass spectroscopy for quantitation, we determined that the in vivo 
intratumoral lactate levels were equivalent to the lactate concentrations 
required for in vitro induction of Vegfand Arg! (Extended Data Fig. 3e). 
When macrophages were stimulated with either lactic acid or hypoxia 
(0.1% O32), the induction of Vegf expression peaked at 6 h post stimula- 
tion, whereas Arg] induction peaked at 24h post stimulation (Extended 
Data Figs 4 and 5). The cellular uptake of lactic acid, mediated by mono- 
carboxylate transporters (MCT1, MCT2, MCT3 and MCT4), is neces- 
sary for the induction of Vegf, as indicated by the abrogation of Vegf 
induction in macrophages by LLC-conditioned media after exposure to 
a-cyano-4-hydroxycinnamate, an MCT inhibitor (Extended Data Fig. 6a). 
Furthermore, as monocarboxylate transporters are proton-coupled sym- 
porters, the induction of Vegfby lactate was dependent on an acidic pH 
(Extended Data Fig. 6b). Although lactic acid was sufficient to induce 

Vegfin LLC and B16 tumour cells (Extended Data Fig. 6c), the relative 
levels of expression observed in vivo are greatest in TAMs (Fig. 1a). 

Finally, similarly to the induction of Vegf and Argl by hypoxia, the 
induction of these genes by tumour-conditioned media and lactic acid 


©2014 Macmillan Publishers Limited. All rights reserved 


a * AS * e : Vegt 
12.5 & 
no 
10.0 8 6 
a 
s 15 x 4 
5.0 Q 
S 2 
2.5 3 
0.0 a 0 
D> oo % oe .O > 
OPP SELLS CEES 
Sey? of or ~) Nit 
Ww RY YY A — 
SOTO) 
Argt Arg1 


Relative expression & 
a 
oN GFN GO 
=] a Oo a Oo 
0, 
* 
x 
Ox. Bo 
Ee 2 
* ce 
x = 
oO m 
< 
Relative expression =h 
vy oo Oo 


ir) 


[Lactate] (mM) 
Relative expression @ 


Relative expression Q. 
Relative expression 


Figure 3 | Lactic acid is sufficient to induce Vegfand Arg! via HIF1a. 

a, b, Control (DMEM) or LLC-tumour-conditioned medium was used 
unfractionated (whole) or as <3-kDa or >3-kDa fractions to stimulate cells as 
follows. A luciferase reporter assay of 293T cells transfected with HIFla 
oxygen-dependent domain (ODD)-Iuciferase was carried out to measure 
protein stabilization of the ODD; deferoxamine (DFO) was used as a hypoxia 
mimetic (a). Expression analysis by qPCR of Arg] mRNA in bone-marrow- 
derived macrophages (b). c, Lactic acid concentration in the tumour-conditioned 
media from five tumour cell lines, collected after culturing at confluence for 
4 days. d, Expression analysis by qPCR of Vegf mRNA in bone-marrow- 
derived macrophages stimulated with the tumour-conditioned media in c. 

e, f, Expression analysis by qPCR of Vegf (e) and Arg] (f) mRNA in bone- 
marrow-derived macrophages cultured with a concentration gradient of lactic 
acid (LA). g, h, Expression analysis by qPCR of Vegf and Arg] mRNA in 
wild-type (WT) and Hifla‘~ bone-marrow-derived macrophages. b-h, The 
histogram bars represent the expression level of three biological replicates 
(relative to expression in DMEM), displayed as mean + s.e.m. *P < 0.0001; 
**P < 0.001, using a two-tailed, unpaired t-test. All experiments were 
performed at least twice. NS, not significant; RLA, relative luciferase activity. 


was also dependent on HIF1, as HIF10-deficient macrophages were not 
able to upregulate Vegf or Arg] on stimulation with lactic acid (Fig. 3g, h). 
Collectively, these findings suggest a model in which macrophages are 
recruited to the tumour micro-environment, where tumour-derived lactic 
acid induces HIF1a-dependent polarization of macrophages, includ- 
ing the induction of Vegf and Argl. 

To determine whether lactic acid can induce an M2-like phenotype 
in TAMs, FACS sorting of F4/80* CD11b* macrophages was performed 
on syngeneic LLC tumours at day 19 after injection. Gene expression 
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analysis revealed that these TAMs have an M2-like profile, with the 
expression of Fizz1, Mgl1 and Mgl2 at levels higher than in all other 
tumour cells combined (Fig. 4a). Compared with F4/80 "CD11b* FACS- 
sorted peritoneal macrophages, TAMs express higher levels of the M2- 
associated genes Arg] and Mrcl but not higher levels of Ym1, Mgll, 
Mgl2 or Fizz1 (Extended Data Fig. 7). Since lactic acid is sufficient to 
induce Arg] in macrophages, we asked whether the expression of other 
M2 markers is induced by lactic acid. We found that lactic acid was suf- 
ficient to induce the M2 markers Fizz1, Mgl1 and Mgl2 in bone-marrow- 
derived macrophages (Fig. 4b and Extended Data Fig. 8a). Given that 
HIF 1 is required for the induction of Arg] by lactic acid in vitro, we 
asked whether HIF1 is required for the induction of other M2 mar- 
kers in vivo. TAMs from LLC tumours injected into wild-type mice and 
mice with HIF 1a-deficient macrophages were sorted by FACS, and their 
expression of M2 markers was compared. Arg!, Fizz1, Mgl1 and Mgi2 were 
all expressed at lower levels in TAMs from mice with HIF1a-deficient 
macrophages than from wild-type mice (Fig. 4c and Extended Data Fig. 8b). 

IL-4 and IL-13 are the best-characterized inducers of M2 polariza- 
tion of macrophages’, but the downstream steps involved in M2 polar- 
ization are poorly defined'®. To determine whether HIF1« is required 
for IL-4-induced M2 polarization, macrophages from HIF1«-deficient 
and wild-type mice were stimulated with IL-4, and their gene expression 
was compared. The induction of Argl, Fizz1 and Mgl2 was significantly 
impaired in HIF1«-deficient macrophages compared with wild-type mac- 
rophages (Fig. 4d). By contrast, the induction of Mgl1 was intact, suggest- 
ing that HIF 1a is required for a subset of M2-associated genes, whether 
stimulated by lactic acid, hypoxia or IL-4. To determine whether IL-4 
and IL-13 signalling is required for the M2 polarization of LLC TAMs 
in vivo, we isolated TAMs from mice deficient in the IL-4 receptor o-chain 
(IL-4Ra), a component of the receptors for both IL-4 and IL-13, and 
compared their gene expression with that of TAMs from wild-type mice. 
The levels of Arg] mRNA were higher in TAMs from IL-4Ra-deficient 
mice than from wild-type mice, and the other M2 markers were present 
at only moderately lower levels than in wild-type mice. Therefore, IL-4 
and IL-13 signalling are not critical for the TAM M2-like phenotype in 
this model (Fig. 4e). Together, these findings suggest that there is an alter- 
native pathway to an M2-like state that does not require IL-4 and IL-13 
but is instead mediated by HIF 1«. In addition, these results demonstrate 
that the induction of at least some M2-associated genes by IL-4 is depen- 
dent on HIF1a. 

To determine whether lactic acid is driving macrophage polarization 
in vivo, we generated stable LLC tumour cell lines in which Pkm2 was 
knocked down and then injected these cells subcutaneously into wild-type 
mice. The Pkm2-knockdown tumours had a lower in vivo concentra- 
tion of lactic acid than tumours bearing scrambled constructs. Further- 
more, TAMs isolated from the Pkm2-knockdown tumours contained 
approximately half of the amount of Arg] mRNA, and the tumours were 
significantly smaller (Fig. 4f). Although interpretation of this result is 
complicated by the probable cell-intrinsic effect of Pkm2 knockdown, 
this finding is at least consistent with the model in which PKM2-dependent 
lactic acid production by tumour cells has an important role in TAM 
polarization. As a converse correlate to these experiments, to determine 
whether lactic acid stimulation of bone-marrow-derived macrophages 
ex vivo confers a growth advantage on LLC tumours, we compared the 
tumour volumes in mice co-injected with LLC cells plus control-medium- 
stimulated bone-marrow-derived macrophages and in mice co-injected 
with LLC cells plus lactic-acid-stimulated bone-marrow-derived mac- 
rophages. Co-injection of the lactic-acid-stimulated bone-marrow-derived 
macrophages resulted in significantly larger tumours than did co-injection 
of the control-medium-stimulated bone-marrow-derived macrophages 
(Extended Data Fig. 9a). To determine whether lactic acid is used as a 
metabolic substrate, as well as a polarizing signal, in TAMs, we mea- 
sured the oxidation of ““C-lactic acid. TAMs oxidized more '*C-lactic 
acid to '*CO, than either bone-marrow-derived macrophages or cul- 
tured LLC cells (Extended Data Fig. 9b), suggesting that TAM polar- 
ization allows increased utilization of lactic acid. 


25 SEPTEMBER 2014 | VOL 513 | NATURE | 561 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


a Arg? Fizz1 Mg!1 Mgl2 
65 3 4 25 
5 
s 20 
2 3 
8 45 2 
a 15 
8 2 
2 2 10 
cs ! { 
e 5 
5 
0 0 0 
AQ TAM AO TAM AO TAM AO TAM 
b Argt Fizz1 Mgit Mgl2 
* x * 


Relative expression 
ae ae 
Oo a Oo a i=} 
o fF o@ BD 
* —_ 
oO no o ao 
Oo = ny oO 


ee ee ee ee 
.) we ) 3 c°) ae .) we 
¥ Na Na Na 
c Argt Fizz1 Mgl/1 Mgl2 


Relative expression 
= =~ ow 
a i=} a i=} 
Oo Oo Oo Oo 
a o a x 
oo So Oo Oo 
a 3 a 
— foo} nD ey 


0 (0) 0 
AO TAM AO TAM AO TAM AO TAM AO TAM AO TAM AO TAM AO TAM 


WT Hifta’- WT Hifta- WT Hifla- WT Hifta-- 
d Arg1 Fizz1 Mglit Mgl2 
ae NS ae 
4,000 | 450,000 = 7.5 500 
5 
% 3,000 
rf 100,000 5.0 
a 300 
6 2,000 
g 
oer 50,000 25 
a" 100 
0 0 ) 0 
DMEM IL-4 DMEM IL-4 DMEM IL-4 DMEM IL-4 DMEM IL-4 DMEM IL-4 DMEM IL-4 DMEM IL-4 
WT Hifta’- WT Hifta~ WT Hifla- WT Hifta- 
e Arg1 Fizz1 Mgl1 Mgl2 
150 15 9 13 
c 
S 
8 
2 100 10 6 9 
Q 
2 
oO 
oO 
2 5 
3 50 5 3 
Oo 
a 
1 
0 0 0 
AO TAM AO TAM AO TAM AO TAM AO TAM AO TAM AO TAM AO TAM 
WT IL4ra- WT [L4rar- WT IL4ra-~ WT IL4rar/- 


=h 
@ 


a5 5 50 4 3q P<0.0028 
=~ g P=0.0132 
z 20 8 3 — Ss *ee 
a a as ie EB 2 * 
3 15 5 30 8 a 8 — ° 
2 10 £ 5 ay * . 5 o see 
oO fe} fe} *: ry 
53 | g £4 ° £ 1 . 
5 10 = +. r= ° 

0 By 0 =e 7 

SCR PKM2 SCR PKM2 SCR PKM2 WT Arg? 


The role of VEGF in promoting neovascularization and subsequent 
growth of tumours is well established’”. However, the role of macrophage- 
derived ARGI is unclear, despite being part of the signature of the TAM 
phenotype. ARGI is known to be involved in a pathway that generates 
polyamines, which are essential metabolites during cell division and have 
been shown to regulate tumour cell proliferation in vitro®. ARG1 is also 
one of five urea cycle enzymes that is important in nitrogen metabolism. 
Therefore, we sought to determine whether macrophage-derived ARG1 
is involved in tumour progression by using a syngeneic tumour model in 
ArgI™" x Lysm**™ mice, whose macrophages are deficient in ARG]. 
Tumours from ARG1-deficient mice were approximately half the size of 
those from wild-type mice, indicating that macrophage-derived ARG1 
has an important role in tumour progression (Fig. 4g and Extended Data 
Fig. 9c, d). 
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Figure 4 | Lactic acid polarizes macrophages to an M2-like state that is 
critical for tumour growth. a-e, Expression analysis by qPCR of Arg], Fizz1, 
Mgll1 and Mgi2 mRNA in the following cell types: TAMs and all other tumour 
cells (AO) from LLC tumours resected from wild-type (WT, C57BL/6J) mice 
(a), bone-marrow-derived macrophages stimulated with 25 mM lactic acid 
(LA) (b), TAMs and AO from LLC tumours resected from mice with either WT 
or Hifla_‘~ macrophages (c), WT or Hifla ‘~ bone-marrow-derived 
macrophages stimulated with control medium (DMEM) or IL-4 (10 ng ml ') 
(d), and TAMs and AO from CT26 colon carcinoma tumours resected from 
mice with WT (BALB/c) or Il4ra~/~ macrophages (e). f, Intratumoral lactic 
acid concentrations (mM) from tumours of LLC cells that had been stably 
transfected with a scrambled short hairpin RNA (shRNA) construct (SCR) 
or an shRNA targeting Pkm2 (centre panel). Expression analysis by qPCR of 
Argl mRNA in TAMs isolated from SCR-transfected and Pkm2-knockdown 
tumours. Weight of LLC tumours from cells bearing an SCR construct 
(mean + s.e.m., 2.402 + 0.310 g; n = 5) or Pkm2 shRNA construct 

(mean + s.e.m., 0.8820 + 0.341 g; n = 4); P = 0.0132 using a two-tailed, 
unpaired t-test (right panel). The F test revealed no significant difference in 
variance between the compared groups. g, Weight of LLC tumours resected on 
day 19 from mice with WT macrophages (mean + s.e.m., 1.74 + 0.161 g; 

n= 11) or ARG1-deficient macrophages (mean = s.e.m., 0.965 + 0.163 g; 

n= 13); P< 0.0028 using a two-tailed, unpaired t-test. The F test revealed no 
significant difference in variance between the compared groups. a-f, The 
histogram bars represent the expression level of three biological replicates, 
displayed as mean + s.e.m., relative to AO (a, ¢, e, f) or DMEM (b, d). 

*P < 0.05; **P < 0.001, using a two-tailed, unpaired t-test. All experiments 
were performed at least twice. NS, not significant. 


Together, these findings demonstrate that lactate, a by-product of gly- 
colysis, induces TAM polarization characterized by the induction of Vegf 
expression and differentiation into an M2-like phenotype. Pioneering 
studies by Folkman demonstrated the crucial role of neovasculariza- 
tion in tumour growth™*. It has generally been assumed that cancer cells 
experiencing hypoxia in a growing tumour are themselves the source of 
VEGF. However, our findings suggest that, at least in some cases, it is 
the tumour accessory cells, including macrophages, that are the main 
source of VEGF. It should be noted that the elimination of one source 
of VEGF will probably result in compensatory VEGF production by 
alternative cellular sources’. Further studies will be necessary to elucidate 
the specific tumour features that dictate the primary source of VEGF. 

ARGI is widely accepted as a marker of M2 macrophages, but the func- 
tional role of ARG1 in M2 macrophages has been determined only in the 
context of helminth infection’. Our findings suggest that Arg] expres- 
sion in TAMs has an important role in tumour growth, possibly via an 
ARG1-dependent pathway responsible for producing polyamines, which 
are substrates that have a critical role in cell proliferation. In addition, 
TAMs may contribute to nitrogen metabolism in the tumour micro- 
environment, as all five enzymes of the urea cycle are expressed at higher 
levels in TAMs than in all other tumour cells (Extended Data Fig. 10). 
TAMs also express higher levels of the transaminase Gpt and of gluta- 
mine synthetase (Glul), which also facilitate nitrogen metabolism, than 
all other tumour cells. 

We observed that the effect of lactate on tumour cell proliferation is 
mediated by HIF1a and, interestingly, is independent of IL-4Ro sig- 
nalling. However, in other tumour models, IL-4 produced by T helper 
2 cells has an important role in the M2 polarization of TAMs”’. Thus, 
multiple pathways for the induction of the M2 phenotype in TAMs 
probably exist, and further investigation is necessary to characterize the 
features of tumour cells or their tissue environment that dictate the induc- 
tion of the M2 phenotype. 

In conclusion, we found that tumour-cell-derived lactic acid has an 
important signalling role in the induction of several key features of TAM 
polarization and the subsequent promotion of tumour growth. Lactic 
acid, as a by-product of aerobic glycolysis, can bea ‘reporter’ of cell pro- 
liferation. Lactic acid is also a by-product of anaerobic glycolysis, which 
in metazoan cells is typically indicative of hypoxia. These features of lactic 
acid may explain its ability to induce Vegf, Arg] and other M2-associated 
genes in TAMs. Finally, we expect that multiple signals are involved in 
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the communication between tumour cells and macrophages. Indeed, 
recent findings demonstrate the important role of tumour-cell-derived 
versican*’ and macrophage colony-stimulating factor” in tumour- 
macrophage communication. These and other, yet to be discovered, sig- 
nals involved in macrophage polarization are presumably not specific 
to tumours. That is, as tumours represent an abnormal and exagger- 
ated version of normal tissue growth, the role of TAMs reflects the role 
of macrophages in normal tissue maintenance and repair. 


METHODS SUMMARY 

Syngeneic tumour model. LLC (LL/2), B16-F1 melanoma or CT.26WT colon car- 
cinoma cells were injected subcutaneously into the flanks of mice (1 X 10°, in 200 pl 
PBS). Both male and female C57BL/6] (LLC and B16) and BALB/c (CT 26) strains of 
mice (Jackson Laboratory) were used. Mice were 6 to 8 weeks of age. The resultant 
tumours were resected and transferred to PBS on ice. Tumour weight (g) was mea- 
sured on a scale after transferring the specimen to a sterile Petri dish. The tumours 
from all experiments were then processed for FACS analysis or sorting (see Methods) 
on the same day or fixed in formalin for immunohistochemistry. 

Tumour supernatant preparation and collection. Cell lines were grown in DMEM 
plus supplements (DMEM-complete; containing 10% FBS, 1% penicillin and strep- 
tomycin, 1% HEPES, 1% L-glutamine and 1% sodium pyruvate). Fractionation of 
LLC tumour supernatants was achieved using Amicon Ultra centrifugal filters (3K 
Ultracel, Millipore). The supernatant fraction >3 kDa remained above the filter, 
and the fraction <3 kDa passed through to the lower chamber. The >3-kDa frac- 
tion was resuspended in unsupplemented DMEM to the pre-filtration volume. 
Determination of lactate concentration. The lactate concentration was measured 
using a Lactate Assay Kit (BioVision) according to the manufacturer’s instructions. 
The mean values and s.e.m. of the lactate concentration were calculated for each 
condition. The mean intratumoral lactic acid concentration was determined for 
LLC and B16 tumours after homogenization (Polytron) and methanol extraction, 
using hydrophilic interaction chromatography and mass spectroscopy, as well as 
the colorimetric lactate assay. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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FOXP3* regulatory T cells (Te, cells) are abundant in the intestine, 
where they prevent dysregulated inflammatory responses to self and 
environmental stimuli. It is now appreciated that T,., cells acquire 
tissue-specific adaptations that facilitate their survival and function’; 
however, key host factors controlling the T,.. response in the intestine 
are poorly understood. The interleukin (IL)-1 family member IL-33 is 
constitutively expressed in epithelial cells at barrier sites”, where it 
functions as an endogenous danger signal, or alarmin, in response to 
tissue damage’. Recent studies in humans have described high levels 
of IL-33 in inflamed lesions of inflammatory bowel disease patients*’, 
suggesting a role for this cytokine in disease pathogenesis. In the 
intestine, both protective and pathological roles for IL-33 have been 
described in murine models of acute colitis®"!', but its contribution 
to chronic inflammation remains ill defined. Here we show in mice 
that the IL-33 receptor ST2 is preferentially expressed on colonic Te, 
cells, where it promotes T,., function and adaptation to the inflam- 
matory environment. IL-33 signalling in T cells stimulates T,-, res- 
ponses in several ways. First, it enhances transforming growth factor 
(TGF)-B,-mediated differentiation of T,.. cells and, second, it pro- 
vides a necessary signal for T,..-cell accumulation and maintenance 
in inflamed tissues. Strikingly, IL-23, a key pro-inflammatory cyto- 
kine in the pathogenesis of inflammatory bowel disease, restrained 
Treg responses through inhibition of IL-33 responsiveness. These 
results demonstrate a hitherto unrecognized link between an endo- 
genous mediator of tissue damage and a major anti-inflammatory 
pathway, and suggest that the balance between IL-33 and IL-23 may 
be a key controller of intestinal immune responses. 

To identify potential tissue-specific modulators of colonic Teg cells, we 
compared the messenger RNA expression profiles of mesenteric lymph 
node and colonic Tyeg cells. We identified St2 (also known as IIrl1), the 
transcript coding for the IL-33 receptor’, as one of the top differentially 
upregulated genes in colonic Teg cells (Fig. 1a, b). Flow-cytometric analysis 
confirmed selective enrichment of ST2~ Tyeg Cells in the colon (Fig. 1c) 
and these cells expressed high levels of the activation markers KLRG1, 
CD103 and OX40 (Fig. 1d). Analysis of Helios expression revealed that 
ST2* Treg Cells are a heterogeneous population containing thymus-derived 
Treg cells as well as peripherally generated Helios Teg cells (Fig. 1e) : 
A significant proportion of intestinal Foxp3* Treg cells co-express the 
transcription factor GATA3 (refs 14-16), and GATA3 is known to regu- 
late ST2 expression in Ty;2 cells'’. Indeed, ST2 expression was largely 
restricted to GATA3-expressing colonic Teg cells (Fig. le) and selective 
ablation of GATA3 in Foxp3-expressing cells, using Gata3"-Foxp3-cre 
mice’, caused a marked reduction of ST2 protein levels (Fig. 1). 

Given that ST2* Treg cells are prominent in the colon, we postulated 


that IL-33 may modulate in vitro induced (i)T,eg-cell differentiation. 


To test this, we sort-purified naive CD4* T cells from Foxp3*? reporter 
mice and activated them in the presence of TGF-f;. Notably, both Gata3 
and S#2 expression were induced under iT ,e.-differentiation conditions 
(Extended Data Fig. 1). Addition of IL-33 to iT;eg cultures significantly 
increased both the percentage and total number of Foxp3-expressing 
cells but had no effect on Foxp3 expression in the absence of TGF-B, 
(Fig. 2a). The presence of IL-33 in iT eg cultures did not affect induction 
of T};2 cytokines or expression of T};1- and T};17-associated transcrip- 
tion factors Tbx21 and Rorc (Extended Data Fig. 1), suggesting that IL- 
33 preferentially regulates Foxp3 expression. Thus, our data indicate 
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Figure 1 | ST2-expressing T,eg cells are enriched in the colon. a, Change in 
gene expression in colonic (c)Tyeg cells versus mesenteric lymph node (MLN) 
Treg cells (n = 3 per group) presented as volcano plot. b, Top differentially 
upregulated transcripts in colonic T,., versus MLN T,eg cells. c, ST2 protein 
expression on Tyeg cells from indicated organs. d, Phenotypic analysis of ST2~ 
or ST2* colonic Treg cells. e, Expression of transcription factors in colonic Tyeg 
cells. f, Representative histograms gated on colonic T,g cells from control or 
Gata3!" “"_ Foxp3-cre mice. 
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Figure 2 | Effects of IL-33 on iT... and thymus-derived T,, cells. a, Naive 
CD4* T cells were cultured with anti-CD3/CD28 plus the indicated cytokines 
and the frequencies and absolute numbers of Foxp3* T cells were determined 3 
days later (mean + standard error of the mean (s.e.m.) of three independent 
experiments). b, Naive CD4* T cells were cultured for 48h with anti-CD3/ 
CD28 plus TGF-f,, followed by stimulation with IL-33 for 45 min. Blots are 
representative of two independent experiments. p, phosphorylated. c, d, Cells 
were cultured and stimulated as in b and recruitment of GATA3 or RNA Pol II 
to the indicated regions was assessed by ChIP-qPCR. Data are from one 
experiment representative of two (mean + standard deviation (s.d.)). Pro., 
promoter. —, no IL-33 added. e, Representative plots of T,<g cells cultured with 
anti-CD3/CD28 plus indicated cytokines and analysed after 3 days. Data are 
representative of three independent experiments. f, T,<g cells were cultured 
with anti-CD3/CD28 for 24h followed by stimulation with IL-33. Blots are 
representative of three independent experiments. g, Mixed chimaeras were 
generated containing wild-type (WT) and St2-’~ bone marrow cells. 
Reconstituted mice were analysed at steady state or 2 weeks after infection 
with H. hepaticus and anti-IL-10R treatment (inflamed). Absolute numbers 
of wild-type or Sta /— Treg Cells in steady state (n = 3) and inflamed (n = 6) 
hosts (mean = s.e.m.). h, Analysis of Foxp3 expression in Teg cells in spleen 
(SPN) and colon from inflamed chimaeric hosts presented as geometric mean 
fluorescence intensity (gMFI). *P < 0.05, **P < 0.01, ***P < 0.001 as 
calculated by one-way analysis of variance (ANOVA) with Bonferroni post-test 
or paired Student’s t-test. 
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that the alarmin IL-33 is a novel cofactor in TGF-B,-mediated iT, 
generation. 

GATA3 is highly expressed in ST2* Treg cells (Fig. le) and IL-33 has 
been shown to activate GATA3 in Tyj2 cells’”’® as well as in innate 
lymphoid cells’’. Consistent with this notion, we observed serine phos- 
phorylation of GATA3 upon acute stimulation of iT, g cells with IL-33 
(Fig. 2b). The Foxp3 locus contains putative GATA3-binding sites 
within its promoter and intragenic conserved noncoding sequences 
(CNSs) 1-3 (ref. 14). To investigate whether IL-33 influences the binding 
of GATA3 to any of these elements in iT,eg cells, we performed chro- 
matin immunoprecipitation (ChIP) followed by quantitative polymer- 
ase chain reaction (PCR). Acute stimulation of iT,., cells with IL-33 
induced GATA3 recruitment to the Foxp3 promoter but not CNS1, 2 
or 3 (Fig. 2c). In addition, RNA polymerase II (Pol II) was recruited to 
the Foxp3 promoter upon IL-33 stimulation (Fig. 2d), suggesting that 
IL-33 directly regulates Foxp3 expression through activation and recruit- 
ment of GATA3 to the Foxp3 promoter. In Ty2 cells, GATA3 has been 
shown to promote St2 gene expression by binding to an enhancer ele- 
ment located 12 kilobases upstream of the St2 transcription start site’”. 
Consistent with this, we detected recruitment of GATA3 to the St2 enhan- 
cer upon acute stimulation of iT,,., cells with IL-33 and this correlated with 
RNA Pol II enrichment at the St2 promoter (Extended Data Fig. 2). Thus, 
in addition to its role in Foxp3 induction, IL-33 also promoted its own 
receptor expression in iT,,.. cells through direct transcriptional regulation 
of the Sf2 locus, providing an amplification loop for further enhancement 
of iT;eg-cell differentiation. 

Next we focused on thymus-derived T,., cells, which constitute a 
significant proportion of ST2* colonic Treg Cells (Fig. le). In line with 
published reports”””', administration of recombinant IL-33 led toa sig- 
nificant increase in the frequency and total number of splenic T,g cells 
(Extended Data Fig. 3a, b) and these IL-33-elicted T, 2. cells expressed 
higher levels of Foxp3 and ST2 (Extended Data Fig. 3c, d). Further ana- 
lysis of the proliferation marker Ki67 showed that IL-33 induced pro- 
liferation in splenic T,g cells but not in T effector cells (Extended Data 
Fig. 3e). To examine whether IL-33 acts directly on T,2g cells, we injected 
IL-33 into chimaeric mice containing a mixture of wild-type and St2-‘~ 
haematopoietic cells. In this setting, the proliferative capacity of St2-/~ 
Treg cells was significantly impaired (Extended Data Fig. 3f), suggesting 
that IL-33 acts directly on thymus-derived T,¢, cells to promote their 
proliferation and accumulation in vivo. This is further supported by the 
finding that sort-purified splenic T,eg cells cultured in the presence of 
IL-33 expressed higher levels of ST2, showed a more activated pheno- 
type and expressed increased amounts of Foxp3 protein (Fig. 2e). In 
addition, acute stimulation of T-cell antigen receptor (TCR)-activated 
splenic Teg cells with IL-33 induced serine phosphorylation of GATA3 
(Fig. 2f), further demonstrating that IL-33 acts directly on thymus- 
derived Treg cells. 

To assess the impact of IL-33 on the T,.g response during intestinal 
inflammation, we induced chronic colitis by infection with Helicobacter 
hepaticus and administration of an IL-10R blocking antibody” (Extended 
Data Fig. 4a). We detected an increase in IL-33 protein levels in colon 
explant cultures and its expression kinetics mirrored that of IL-23, which 
is essential for the development of intestinal inflammation in this model 
(Extended Data Fig. 4b). Consistent with its pattern of expression, IL-33 
protein levels were elevated in colonic intestinal epithelial cells isolated 
from the inflamed gut (Extended Data Fig. 4c, d). Interestingly, the onset 
of intestinal pathology correlated with a marked increase of soluble ST2, 
which is produced primarily by colonic stromal cells (Extended Data 
Fig. 4b, e, f). Soluble ST2 is thought to limit IL-33 bioavailability by act- 
ing as a decoy receptor” and is increased in patients with active inflam- 
matory bowel disease (IBD)°*”, suggesting that the chronic inflammatory 
tissue environment may antagonize IL-33 activity. Despite high levels 
of soluble ST2, analysis of chimaeric mice showed that accumulation of 
sa Tyeg cells in the colon but not the spleen was significantly impaired 
during the peak of intestinal inflammation (Fig. 2g). In addition, colonic 
sa Treg cells expressed lower amounts of Foxp3 protein ona per cell 
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Figure 3 | IL-33 promotes T,,,-cell stability and function in vivo. a,C57BL/6 
Ragl ’~ mice were injected with CD45.1* naive T cells alone (RB"; n = 4) or 
in combination with wild-type (WT; n = 4) or St2-/~ (n= 6) CD45.1— Treg 
cells. Mice were killed 6-8 weeks after transfer and colitis scores are shown 
(mean + s.e.m.). b, Absolute numbers of colon lamina propria (LP) cells from 
mice in a (mean + s.e.m.). c, C57BL/6 Rag] ‘~ mice were injected as in a 
and killed at 2 weeks post-injection. Representative plots are gated on colonic 
Treg-cell progeny (CD45.1"). d, Ratio of RB™ T-cell progeny (CD45.1*) to 
wild-type or St2/— Foxp3~ Treg-cell progeny (CD45.1 ) in the colon (n = 5 
per group) from mice in c (mean + s.e.m.). e, C57BL/6 Ragl ~/~ mice were 
injected as in a and killed at 8 weeks post-injection. Representative plots are 
gated on colonic T,.g-cell progeny (CD45.1- ). f, Ratio of RB™ T-cell progeny 
(CD45.1*) to wild-type or St2/— Treg-cell progeny (CD45.1) in the colon 
from mice in e (mean + s.e.m.). g, Absolute numbers of RB" T-cell progeny 
(CD45.1*) in the colon from mice in e (mean + s.e.m.). h, Analysis of 

Foxp3 expression in colonic Foxp3* CD45.1~ Treg Cells presented as gMFI 
(mean + s.e.m.). Results are representative of two independent experiments. 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 as calculated by one-way 
ANOVA with Bonferroni post-test or Student’s t-test. 


basis as compared to their wild-type counterparts (Fig. 2h). Together, 
these observations indicate that the alarmin IL-33 acts in a cell-intrinsic 
manner to promote the tissue-specific accumulation and stability of the 
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Treg phenotype in the intestine under inflammatory conditions. Further- 
more, high levels of soluble ST2 during chronic intestinal inflammation 
may represent a mechanism to further perpetuate pathogenic responses 
by limiting IL-33-driven T,., accumulation. 

We next sought to compare the suppressive capacity of wild-type 
and St2-/~ Treg cells. St2/— Treg cells inhibited T-cell proliferation to 
the same extent as wild-type Treg cells in vitro (Extended Data Fig. 5) 
and addition of IL-33 did not enhance wild-type Tyeg suppressor func- 
tion. We then tested the ability of St2~’~ Treg Cells to protect from colitis 
induced by adoptive transfer of naive CD4° T cells. Interestingly, ST2 
was highly expressed on wild-type Tyeg cells upon T-cell transfer, point- 
ing towards a potential role of ST2 in modulating T,.. function in this 
model (Extended Data Fig. 6a). Indeed, St2/— Treg cells were significantly 
impaired in their ability to prevent colonic inflammation and cellular 
infiltration (Fig. 3a, b), demonstrating that IL-33 signalling in T,eg cells 
is important for their suppressive function in vivo. Analysis of wild-type 
or St2-/~ Treg cells 2 weeks after transfer, before the onset of intestinal 
pathology, showed similar proliferative capacity and Foxp3 expression 
between groups (Fig. 3c). The ratio of T effector cells (CD45.1* RB™ prog- 
eny) to Tyeg cells (CD45.1” Foxp3 7 Treg progeny) was also similar (Fig. 3d), 
suggesting that IL-33 signalling in Tc, cells is dispensable for their ability 
to expand and index with effector cells in the lymphopenic host at 2 weeks 
after transfer. By contrast, analysis at 8 weeks after transfer showed that 
the progeny of St2-’~ Treg cells contained a significantly lower propor- 
tion of Foxp3™ cells and expressed significantly less Foxp3 ona per cell 
basis, suggesting that they had lost Foxp3 expression (Fig. 3e, h). Under 
these circumstances the ratio of T effector/T,., cells and the total number 
of T effector cells (CD45.1* RB™ progeny) was markedly increased in 
recipients of St2 Treg Cells (Fig. 3f, g). Importantly, ST2-deficient Tyg 
cells did not themselves acquire the capacity to produce inflammatory 
cytokines (Extended Data Fig. 6c). Perturbations of Foxp3 expression 
have been shown to affect T,-,-cell function” and our data indicate that 
IL-33 signalling in T,eg cells contributes to the maintenance of Foxp3 
expression under inflammatory stress, enabling Tyg cells to compete 
in the inflammatory niche and to control the intestinal effector T-cell 
response. 

Next we sought to integrate our observations with existing pro- 
inflammatory pathways. IL-23 is a pivotal mediator of intestinal inflam- 
mation and polymorphisms in the IL23R locus are associated with 
increased susceptibility to IBD in humans”. We previously showed that 
IL-23 promotes intestinal inflammation in part through inhibition of 
iT, eg-cell differentiation”*°. However, the mechanism by which IL-23 
blocked iT eg generation remained undefined. Interestingly, whole tran- 
scriptome analysis of IL-23 target genes in colonic effector CD4* T cells 
revealed that IL-23 inhibits expression of Gata3 and St2 (Extended Data 
Fig. 7). On the basis of this observation we hypothesized that IL-23 might 
limit T-cell responsiveness to IL-33. Indeed, the cofactor activity of IL-33 
on TGF-B,-mediated Foxp3 induction in vitro was completely abrogated 
in the presence of IL-23 (Fig. 4a). Notably, addition of IL-23 prevented 
induction of Gata3 and St2 mRNA under iT cg differentiation conditions 
(Fig. 4b), resulting in reduced ST2 protein expression (Fig. 4c). Conse- 
quently, acute stimulation of IL-23-exposed iT,., cells with IL-33 did not 
lead to recruitment of GATA3 to the ST2 enhancer (Extended Data Fig. 8). 
We observed a similar role for IL-23 in limiting T,.g ST2 expression during 
bacterially driven intestinal inflammation (Extended Data Fig. 9). Col- 
lectively, our data indicate that IL-23 inhibits iT,., differentiation by 
regulating T-cell responsiveness to IL-33. 

We previously showed that IL-23 restrains T,¢g cells in vivo because 
naive T-cell transfer into [123a_’~ Ragl~’~ recipients resulted in increased 
Treg-cell differentiation”. Therefore, we hypothesized that enhanced 
responsiveness to IL-33 may contribute to increased iT,.. differenti- 
ation in 23a ’~ Rag ‘~ hosts. To test this, we transferred wild-type 
or St2-/~ naive T cells into 23a /~ Ragl ~“~ hosts and monitored iT reg 
cell generation. Indeed, ST2-deficient T cells were significantly impaired 
in their ability to differentiate into T,,.. cells (Fig. 4d) and this correlated 
with a significant increase in intestinal pathology (Fig. 4e). Importantly, 
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ST2 deficiency had minor effects on in vivo differentiation of Ty1, Ty2 
or Ty17 cells (Fig. 4f), further supporting the notion that the increased 
colitogenic potential of St2-/~” CD4* T cells is a consequence of deficient 
iT eg differentiation rather than dysregulated effector T-cell responses. 
Our data strongly suggest that IL-33 is a major factor responsible for 
driving iT, differentiation in the absence of IL-23. 

Finally, we investigated whether IL-23 can interfere with ST2 signal- 
ling in Ty eg cells. Interestingly, sort-purified ST2* Treg cells from the colon 
expressed detectable levels of 1/23r (Extended Data Fig. 10). Indeed, expo- 
sure of TCR-activated thymus-derived T,.¢, cells to IL-23 completely 
abolished IL-33-mediated GATA3 phosphorylation (Fig. 4g). Further- 
more, IL-33 preferentially induced genes co-regulated by Foxp3 and 
GATA3 (ref. 16), and this was completely abrogated in the presence of 
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Figure 4 | IL-23 inhibits the effects of IL-33 on Treg cells. a, Naive cp4* 

T cells were cultured with anti-CD3/CD28 plus TGF-,, as well as the indicated 
cytokines, and the frequencies of Foxp3* T cells were determined 3 days later 
(mean = s.e.m. of three independent experiments). b, Naive CD4* T cells 
were cultured with anti-CD3/CD28 plus the indicated cytokines for 48 h. Data 
are from one experiment representative of two (mean = s.d.). c, Naive CD4* 
T cells were cultured as indicated. Representative blots of two independent 
experiments are shown. d, C57BL/6 1123a_’~ Ragl~’~ mice were injected with 
CD45RB wild-type (WT; n = 9) or St2-/~ (n= 10) T cells. Mice were killed 
6-8 weeks after transfer and frequencies of Foxp3* CD4* T cells in colon 
are shown (mean = s.e.m.). e, Colitis scores for mice in d (mean + s.e.m.). 

f, Expression of the indicated cytokines by colonic CD4* T cells from mice in 
d (mean + s.e.m.). g, Treg cells were cultured with anti-CD3/CD28 for 24h 
followed by stimulation with IL-33 in the presence or absence of IL-23. 
Representative blots of two independent experiments are shown. h, T;¢g cells 
were cultured in the presence of anti-CD3/CD28 for 24h and the mRNA 
expression of the indicated genes was measured after stimulation with IL-33 
for 45 min in the presence or absence of IL-23 (mean = s.e.m. of three 
independent experiments). i, Teg cells were cultured with anti-CD3/CD28 for 
24h and representative blots of two independent experiments are shown. 

p; phosphorylated. *P < 0.05, **P< 0.01, ***P < 0.001 as calculated by 
one-way ANOVA with Bonferroni post-test or Student’s t-test. NS, not 
significant. 


IL-23 (Fig. 4h). Addition ofa specific inhibitor of STAT3, the main tran- 
scription factor downstream of IL-23 signalling, reversed this inhibitory 
effect of IL-23 (Fig. 4i). Together our data suggest that IL-23 inhibits ST2 
signal transduction and expression of a distinct set of GATA3-regulated 
genes in thymus-derived Teg cells. 

Our results identify a new function for IL-33 as an important link 
between inflammation-driven tissue damage and the local intestinal T,.,- 
cell response. We show that colonic T;eg cells are poised to respond to 
the release of IL-33 upon tissue damage through selective expression 
of ST2 and that signalling through this pathway has an essential role in 
their capacity to adapt to the inflammatory tissue environment and restrain 
intestinal inflammation. The ability of IL-33 to amplify regulatory net- 
works in response to tissue injury may represent a more general mecha- 
nism by which alarmins limit immune-mediated damage to self at barrier 
tissues. Strikingly, IL-23 limits this regulatory mechanism through inhi- 
bition of T,g-cell responsiveness to IL-33, suggesting that the balance 
between IL-23 and IL-33 may bea major determinant of the outcome of 
intestinal immune responses. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Structural basis of PAM-dependent target DNA 
recognition by the Cas9 endonuclease 


Carolin Anders', Ole Niewoehner', Alessia Duerst! & Martin Jinek' 


The CRISPR-associated protein Cas9 is an RNA-guided endonuclease 
that cleaves double-stranded DNA bearing sequences complement- 
ary to a 20-nucleotide segment in the guide RNA’. Cas9 has emerged 
as a versatile molecular tool for genome editing and gene expression 
control’. RNA-guided DNA recognition and cleavage strictly require 
the presence of a protospacer adjacent motif (PAM) in the target 
DNA'**. Here we report a crystal structure of Streptococcus pyo- 
genes Cas9 in complex with a single-molecule guide RNA and a 
target DNA containing a canonical 5’-NGG-3’ PAM. The structure 
reveals that the PAM motif resides in a base-paired DNA duplex. The 
non-complementary strand GG dinucleotide is read out via major- 
groove interactions with conserved arginine residues from the carboxy- 
terminal domain of Cas9. Interactions with the minor groove of the 
PAM duplex and the phosphodiester group at the +1 position in the 
target DNA strand contribute to local strand separation immediately 
upstream of the PAM. These observations suggest a mechanism for 
PAM-dependent target DNA melting and RNA-DNA hybrid forma- 
tion. Furthermore, this study establishes a framework for the ratio- 
nal engineering of Cas9 enzymes with novel PAM specificities. 
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In type II CRISPR (clustered regularly interspaced short palindromic 
repeats)—Cas (CRISPR-associated) systems, the endonuclease Cas9 as- 
sociates with a dual-RNA guide structure consisting of a CRISPR RNA 
(crRNA) and a trans-activating CRISPR RNA (tracrRNA) to cleave 
double-stranded DNA (dsDNA) using its HNH and RuvC nuclease 
domains’”’. Cas9 has been exploited in numerous gene-targeting appli- 
cations, in which its sequence specificity is programmed by either dual 
crRNA-tracrRNA guides or chimaeric single-molecule guide RNAs 
(sgRNAs)*"°. PAM recognition is a critical aspect of Cas9-mediated 
DNA targeting, being a prerequisite for ATP-independent strand sepa- 
ration and guide-RNA-target-DNA heteroduplex formation®. Recent 
crystal structures and electron microscopic reconstructions of Cas9 and 
its RNA- and DNA-bound complexes revealed that Cas9 undergoes a 
dramatic RNA-induced conformational rearrangement that facilitates 
target DNA binding””*". Although two tryptophan residues have been 
implicated in PAM binding”’, how PAM recognition occurs at the mo- 
lecular level remains unclear. 

To provide insight into the molecular mechanism of PAM recog- 
nition in Cas9, we determined the crystal structure of S. pyogenes Cas9 


Figure 1 | Crystal structure of Cas9 
in complex with a sgRNA anda 
PAM- containing target DNA. 

a, Schematic diagram of guide and 
target nucleic acids. Empty ovals 
denote nucleotides not observed in 
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Ke the electron density. b, Orthogonal 
_ views of the sgRNA-target-DNA 


four-way junction. ¢, Front and rear 
views of the Cas9-sgRNA-DNA 
complex. In all panels guide RNA is 
coloured orange, target DNA strand 
in light blue and non-target DNA 
strand in black. The 5’-NGG-3' 
PAM trinucleotide in the non-target 
strand is highlighted in yellow. 
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in complex with an 83-nucleotide sgRNA and a partially duplexed tar- 
get DNA containing a 5'-TGG-3’ PAM sequence (Fig. 1 and Extended 
Data Table 1). Owing to an inactivating mutation (H840A) in the Cas9 
HNH nuclease domain, the structure reveals an intact target (comple- 
mentary) DNA strand, while the non-target (non-complementary) DNA 
strand is captured as cleaved product that has dissociated from the RuvC 
domain active site (Fig. la—c). In the complex, the bound nucleic acids are 
enclosed by the nuclease and helical recognition lobes of Cas9 and form 
a four-way junction that straddles the arginine-rich bridge helix (Fig. 1b, c). 
The entire PAM-containing region of the target DNA (target-strand 
nucleotides -1 to -8 and non-target-strand nucleotides + 1* to +8*) is 
base-paired. Strand separation occurs only at the first base pair of the 
target sequence (the +1 position). Here, the target strand exhibits a 
pronounced kink as it hybridizes with the sgRNA. The PAM duplex 
is nestled in a positively charged groove between the Topoisomerase- 
homology and C-terminal domains (collectively referred to as the PAM- 
interacting domain’) (Fig. 2a and Extended Data Fig. 1). Comparison 
with the crystal structure of the Cas9-sgRNA complex bound to a single- 
stranded DNA target” reveals a slight tightening of an otherwise pre- 
structured PAM binding cleft upon PAM-duplex binding (Extended 
Data Fig. 2). 

The deoxyribose-phosphate backbone of the non-target DNA strand 
is engaged in numerous ionic and hydrogen-bonding interactions (Fig. 2b). 
Conserved tryptophan residues Trp 476 and Trp 1126, previously im- 
plicated in PAM recognition by crosslinking experiments”®, are not in 
direct contact with the PAM, suggesting that the crosslinks may have 
originated from a transient intermediate in the PAM recognition mech- 
anism, or from non-specifically bound DNA. Instead, the guanine nu- 
cleobases of dG2* and dG3* in the non-target strand are read out in 
the major groove by base-specific hydrogen-bonding interactions with 
Arg 1333 and Arg 1335, respectively, provided by a B-hairpin from the 


Ser 1136 


C-terminal domain of Cas9 (Fig. 2c). The target-strand nucleotides com- 
plementary to the PAM are not recognized by major-groove interactions 
(Fig. 2b, c), rationalizing previous observations that Cas9-mediated 
DNA cleavage requires the 5’-NGG-3' trinucleotide in the non-target 
strand, but not its target-strand complement"’. The lack of interac- 
tions with the target-strand backbone also explains why mismatches 
in the PAM are tolerated provided that a GG dinucleotide is present in 
the non-target strand’. In agreement with the observed role of the argi- 
nine residues in PAM recognition, substitution of Arg 1333 or Arg 1335 
with alanine residues resulted in substantially reduced target DNA bind- 
ing in vitro (Fig. 2d). Furthermore, alanine substitutions of both Arg 1333 
and Arg 1335 nearly abolished cleavage of linearized plasmid DNA, and 
substantially reduced cleavage of supercoiled circular plasmid DNA 
and short dsDNA oligonucleotides in vitro (Fig. 2e and Extended Data 
Fig. 3). Individual arginine substitutions yielded modest reductions of 
cleavage activity (Fig. 2e and Extended Data Fig. 3). 

The Cas9 sequence motif containing the PAM- interacting arginine 
residues (1332 DRKRYj336) is conserved in other type II-A Cas9 pro- 
teins known to recognize 5'-NGG-3’ PAMs (Extended Data Fig. 4 and 
Supplementary Information). Similar arginine-containing motifs are 
found in Cas9 from Francisella novicida (,69gSRYPD 612) and from Strep- 
tococcus thermophilus CRISPR3 locus (1359PRYRDY 1356), which recog- 
nize 5'-NG-3’ and 5'-NGGNG-3’ PAMs, respectively, but are notably 
absent from type II-C Cas9 proteins that are known to recognize dis- 
tinct PAM sequences*”*”? (Extended Data Fig. 4). Whereas arginine 
residues are commonly used by DNA-binding proteins to recognize 
guanines, major-groove read-out of adenines typically involves gluta- 
mine residues”. Interestingly, a Cas9 orthologue from Lactobacillus 
buchneri, predicted to recognize a 5’-NAAAA-3’ PAM”, contains glu- 
tamine residues (133gQLQ}349) at the positions equivalent to Arg 1333 
and Arg 1335 in S. pyogenes Cas9. Together, these observations suggest 
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Figure 2 | The GG dinucleotide of the PAM is read out by major-groove 
interactions. a, Zoomed-in view of the PAM binding region in Cas9. Topo, 
topoisomerase-homology domain; CTD, C-terminal domain. b, Schematic of 
Cas9 interactions with the PAM duplex. Red circles denote bridging water 
molecules. c, Detailed view of the major groove. Sequence-specific hydrogen- 
bonding interactions with the GG PAM dinucleotide are indicated with dashed 
lines. d, Electrophoretic mobility shift assay using catalytically inactive 
dCas9-sgRNA complexes and fluorophore-labelled target DNA duplex. 


e, Endonuclease activity assay of wild type (WT) and mutant Cas9 proteins 
using a linearized plasmid DNA containing a target sequence fully 
complementary to the sgRNA in Fig. 1a. Bands at 2,104 and 598 base pairs (bp) 
correspond to Cas9 cleavage products. In all relevant panels guide RNA is 
coloured orange, target DNA strand in light blue and non-target DNA strand in 
black. The 5’-NGG-3’ PAM trinucleotide in the non-target strand is 
highlighted in yellow. 
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that at least in a subset of Cas9 proteins, PAM binding may be governed 
bya major-groove base-recognition code. Substitutions of Arg 1333 and 
Arg 1335 in S. pyogenes Cas9 with glutamine residues did not produce a 
specificity switch towards alanine-rich PAMs (Extended Data Fig. 5). 
Reprogramming PAM specificity might thus require more extensive 
remodelling of the PAM-interacting motif by directed evolution and/ 
or computational design, as has been done previously for homing 
endonucleases”**””. 

The PAM-interacting domain of Cas9 makes further contacts with 
the minor groove of the PAM duplex (Fig. 3a). Ser 1136 interacts with 
the non-target strand dG3* through a water-mediated hydrogen bond, 
while Lys 1107 contacts dC—2 of the target strand (Fig. 3a). This inter- 
action enforces a pyrimidine at this position, explaining why 5’-NAG- 
3' PAMs are weakly permissive for S. pyogenes Cas9 (refs 19, 28, 29). 
The minor-groove interactions with the PAM duplex orient the target 
DNA strand for base pairing with the guide RNA. Downstream of 
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Figure 3 | Interactions with the +1 phosphodiester group orient the target 
strand for guide-RNA binding. a, Detailed view of the minor groove of the 
PAM region. b, Hydrogen-bonding interactions (dashed lines) of the +1 
phosphate (+1P) with the Lys 1107-Ser 1109 (phosphate lock) loop. 

c, Superposition of the unwound target DNA strand with an ideal B-form DNA 
duplex (green). d, Endonuclease activity assays using linearized plasmid DNA 
containing a fully complementary target sequence (top) or a target sequence 
mismatched to the sgRNA at positions 1-2 (bottom). KES>KG denotes 
substitution of the Lys 1107-Ser 1109 loop with a Lys-Gly dipeptide. KES>GG 
denotes substitution of the Lys 1107—Ser 1109 loop with a Gly-Gly dipeptide. 
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Lys 1107, residues Glu 1108 and Ser 1109 interact with the phospho- 
diester group linking dA-1 and dT1 in the target DNA strand (the +1 
phosphate). The non-bridging phosphate oxygen atoms form hydro- 
gen bonds with the backbone amide groups of Glu 1108 and Ser 1109, 
and with the side chain of Ser 1109 (Fig. 3b). Owing to its interaction 
with the Lys 1107-Ser 1109 loop (the ‘phosphate lock’ loop), the +1 
phosphate group is rotated (Fig. 3c and Extended Data Fig. 6), which 
coincides with a distortion in the target DNA strand that allows the 
nucleobase of dT1 to base pair with A20 of the guide RNA. Further- 
more, comparison with the structure of Cas9-sgRNA bound to a single- 
stranded DNA”' suggests that interaction between the +1 phosphate 
and the loop is PAM-dependent (Extended Data Fig. 6). 

Previous biochemical studies indicated that PAM recognition is con- 
comitant with local destabilization of the adjacent sequence and dir- 
ectional target DNA unwinding from the PAM-proximal end®. Our 
structural observations suggest that the interaction between the target 
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e, Crystal structures of dCas9-sgRNA bound to DNA substrates containing 
mismatches to the sgRNA at positions 1-2 (top) and 1-3 (bottom), overlaid 
with refined 2mF,—DF, electron density maps (grey mesh, contoured 

at 1o). The sgRNA is identical to that in Fig. 1a. In both structures, the target 
DNA strand is provided in two fragments, as indicated in the schematics. 
Residual electron density corresponding to the +1 base pair is indicated with a 
red arrowhead. In all relevant panels guide RNA is coloured orange, target 
DNA strand in light blue and non-target DNA strand in black. The 5’-NGG-3’ 
PAM trinucleotide in the non-target strand is highlighted in yellow. 
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Figure 4 | Model for PAM-dependent target DNA unwinding and 
recognition by Cas9. Guide RNA binding to Cas9 results in the formation of 
the PAM binding site. Cas9-RNA engages the PAM GG dinucleotide using 
Arg 1333 and Arg 1335, and positions the target DNA duplex such that the 
+1 phosphate (orange circle) interacts with the phosphate lock loop, resulting 
in local strand separation immediately upstream of the PAM. Base pairing 
between displaced target DNA strand and the seed region of the guide RNA 
promotes further stepwise strand displacement and propagation of the guide- 
target heteroduplex. Guide RNA is coloured orange, target DNA strand in 
light blue and non-target DNA strand in black. CTD, C-terminal domain. 
Topo, topoisomerase-homology domain; REC, recognition lobe. bp, base pair. 


DNA strand and the phosphate lock loop might stabilize target DNA 
immediately upstream of the PAM in an unwound conformation, there- 
by linking PAM recognition with local strand separation. In agreement 
with this hypothesis, alanine substitution of Lys 1107 or replacement of 
the Lys 1107-Ser 1109 loop with a Lys-Gly or Gly-Gly dipeptide yielded 
Cas9 proteins with modestly reduced cleavage activities towards line- 
arized plasmid DNA containing a perfectly complementary sequence, 
but almost no activity towards DNA containing mismatches to the guide 
RNA at positions 1 and 2 (Fig. 3d). Moreover, the phosphate lock loop 
mutations also disproportionately impaired cleavage of an oligonucle- 
otide duplex containing the same mismatch, but the defect was par- 
tially relieved with a duplex in which the mismatched nucleotides were 
themselves unpaired (Extended Data Fig. 7). 

To provide additional support for the hypothesis, we determined 
two crystal structures of Cas9(D10A/H840A)-sgRNA bound to DNAs 
containing mismatches to the guide RNA (Fig. 3e and Extended Data 
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Table 1). To discount the possibility that duplex melting in these target 
DNAs is driven from the unpaired PAM-distal end, the target strand 
was supplied in two fragments and interrupted by a gap at the scissile 
phosphate (+4) position. The structure of the complex containing mis- 
matches at positions 1 and 2 reveals a fully melted duplex, with nucleo- 
tides +1 and +2 unpaired, and nucleotide dT3 base paired to A18 of 
the sgRNA. In the complex containing mismatches at positions 1-3, the 
target strand backbone upstream of the PAM is disordered and we ob- 
serve only residual electron density for the +1 base pair that cannot 
be modelled with full occupancy (Fig. 3e), suggesting that the DNA is 
unpaired in a substantial fraction of molecules in the crystal. Together, 
these structures reveal that even in the absence of compensatory base 
pairing to the guide RNA, target DNA binding by Cas9-RNA results in 
local strand separation immediately upstream of the PAM. Impor- 
tantly, the interaction of the +1 phosphate with the phosphate lock 
loop is maintained in both structures, supporting the hypothesis that the 
loop contributes to stabilizing the target DNA strand in the unwound 
state. 

In this study we highlight the central importance of PAM recognition 
in Cas9 function, both as a critical determinant of initial target DNA 
binding and as a licensing element in subsequent strand separation and 
guide-RNA-target- DNA hybridization. Based on our structural and bio- 
chemical observations, we propose a model for PAM-dependent target 
dsDNA recognition and unwinding (Fig. 4). Sequence-specific PAM read- 
out by Arg 1333 and Arg 1335 in Cas9 positions the DNA duplex such 
that the +1 phosphate group of the target strand interacts with the 
phosphate lock loop. This promotes local duplex melting, allowing the 
Cas9-RNA complex to probe the identity of the nucleotides immedi- 
ately upstream of the PAM. Base pairing between the seed region of the 
guide RNA and the target DNA strand subsequently drives further step- 
wise destabilization of the target DNA duplex and directional forma- 
tion of the guide-RNA-target-DNA heteroduplex. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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doi:10.1038/nature13720 


Corrigendum: Coupling of 
angiogenesis and osteogenesis by a 
specific vessel subtype in bone 


Anjali P. Kusumbe, Saravana K. Ramasamy & Ralf H. Adams 


Nature 507, 323-328 (2014); doi:10.1038/nature13145 


In this Article, the labels ‘Metaphysis’ and ‘Diaphysis’ were inadver- 
tently swapped in Extended Data Fig 3d. In the Methods Summary on 
page 327 and in the third paragraph of the Methods it should state that 
deferoxamine mesylate (DFM) was injected for |1-CT (microtomogra- 
phy) analysis into mice for a period of 6 weeks, rather than 5 weeks. These 
errors have been corrected in the online versions of the Article. 
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Kid-friendly digs 


How to blend fieldwork and far-flung travel with raising 
little people. 


BY KENDALL POWELL 


efore heading off to hunt for fossils in 
the Canadian High Arctic for amonth 


every summer, Jaelyn Eberle buys and 
freezes pre-made dinners for her husband and 
three boys — along with other preparations 
to make for an easier life. The palaeontolo- 
gist’s work takes her from the University of 


Colorado Boulder to an off-the-grid spot for 
four to five weeks, and her husband works 
long hours and has a round-trip commute of 
nearly two hours for his job in Denver. So they 
hire two babysitters who split the work days, 
book the kids — aged 14, 7 and 5 — into sum- 
mer camps and swim lessons and put Eberle’s 
retired-nurse mother in Canada on call for 
emergencies. 


Like many early- and mid-career researchers, 
Eberle has to balance family responsibilities 
with the demands of her research, and that 
requires advance planning and dispassion- 
ate cost-benefit analyses. Research sched- 
ules rarely fit neatly into day-care hours, but 
field research — be it fossil hunting in the 
Arctic Circle or testing medical devices in 
Malawi — brings the extra challenge of long 
stretches of solo parenting and the need to 
modify work hours or secure extra, and usu- 
ally expensive, child care. 

Veteran field researchers say that it helps 
inestimably to have a supportive, equal- 
parenting partner who is willing to shoulder 
the extra load at such moments. But sometimes, 
it makes sense to bring the family along. What- 
ever approach or combination of approaches is 
adopted, scientists should remember to factor 
in family face time, say those who have learned 
the ropes. And they will need to develop a 
strategy that achieves both personal and pro- 
fessional goals (see “Tips from parents’). 


INNOVATIVE SOLUTIONS 

Selina Heppell, an ecologist at Oregon State 
University in Corvallis, crosses the globe to 
study the dynamics of endangered species. 
On a solo trip to Japan in 2000, her then-2- 
month-old son, Dylan, slept in the hotel's chest 
of drawers. 

“Travelling with a little baby is not that hard. 
It's when they start running around that it gets 
problematic,” she says. But getting Dylan, now 
aged 14, used to travelling early in his life made 
him more adaptable later on, she says. 

Heppell and her researcher husband made a 
deliberate decision to have one child, knowing 
that their careers involved numerous trips to 
places such as Croatia, Iceland and Peru. “Hav- 
ing one kid and two parents means you can be 
quite mobile,’ she says. 

They relied on hotel babysitting services and 
travelled light whenever possible — forgoing a 
portable crib, for example, and buying cheap, 
lightweight strollers that can be donated to a 
local mother when leaving the country. 

Carrie Masiello, a geochemist at Rice 
University in Houston, Texas, says that when 
her son Owen was young, she and her hus- 
band, a biochemist at Rice, travelled less often 
for their work. But they did wonder whether 
they should have been doing more while work- 
ing towards tenure. “Especially when you area 
junior scientist, you have to get out and let peo- 
ple see your work,” she says. Academia should 
find better ways to help pre-tenure faculty > 
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> parents to be more mobile, Masiello adds. 

And when they both had to travel out of 
town, they took advantage of Rice’s contract 
with a national back-up day-care provider, 
which let them drop off Owen at centres near 
to their conferences. And sometimes, col- 
leagues can help each other out. Heppell says 
that at times she travels with multiple families 
and each researcher takes a turn babysitting 
three or four kids for a day. “It takes a lab to 
raise a child,’ she says. 

Researchers also need to consider their 
child’s age and health when travel would 
require heavy immunizations or risk exposure 
to diseases such as malaria, typhoid or dengue. 
Heppell recommends that people check with 
their doctor. She decided that Malaysia was 
too risky for a 2-year-old Dylan — because 
of both the risk of infectious diseases and 
because there had been a terrorist attack in 
nearby Bali — but that by age 10, he could 
handle Peru and the necessary medications. 

Short visits to other countries are one 
thing; remote fieldwork presents added chal- 
lenges: camping in rustic or rough conditions, 
unreachable by mobile phone or e-mail and at 
the mercy of the local wildlife. Still, in some 
cases, it is feasible to bring the kids along. 
Masiello, for instance, says that her postdoc- 
toral adviser chose a site in rural Canada for 
their soil-sampling trips in part because there 
was a day camp nearby where her kids could 
be dropped off each morning. 

Likewise, Suzanne Anderson, an Earth 
scientist at Colorado’s Institute of Arctic and 


WAYS TO COPE 
Tips from parents 


@ See the bright side of travelling with 
children. Parents with kids in tow often 
get to go to the front of a line and many 
areas of the world are child-friendly. 

@ Buy or borrow The Happiest Baby on 
the Block video (www.happiestbaby. 
com) for techniques that work to calm a 
screaming baby. 

@ Order groceries online and have them 
delivered when someone is home. 

@ Share videos or pictures of your travels 
with young children, so that they can 
begin to understand why you are gone. 
@ Investigate and make use of family- 
friendly workplace policies, including 
family leave and automatic tenure-clock 
stoppages for the birth or adoption of a 
child, and back-up day-care services. 

@ Apply for university mini-grants 
available to faculty to cover the extra 
child-care expenses related to travel. 

@ During long solo-parenting stretches, 
take frequent walks to diffuse stress and 
frustration. K.P. 


Alpine Research in Boulder, has at times 
selected field sites where her twin daughters 
and geologist husband could be nearby, so 
family life often overlapped with work. “We've 
always been ones who don’t know where the 
boundaries are between home and work 
because my husband is in the same field and 
we often work together,’ she says. 

That teamwork became indispensible when 
she won a grant to study glacier-outburst 
floods when she was heavily pregnant, because 
her husband was able to collect the data for 
her. Then, the following summer, when the 
twins were 9 months old, the entire fam- 
ily including her parents trekked to remote 
Alaska for a month. They stayed in a rustic 
cabin, borrowing a portable cot and high chair 
from locals. It was doable, she says, because 
her site was a 10-minute walk away and the 
area was free of bears. 

She says that her spouse's equitable, even- 
handed approach to balancing fieldwork 
and child care has made her field excursions 
possible. “It really depended on having this 
spouse who was totally into it,’ she says. “The 
most important thing for me has been having 
a partner who is absolutely committed to our 
family and to us both having careers.” 

The couple returned to the Alaskan site 
when the girls were about 5, again with help 
from grandparents and this time a nanny as 
well. But they also turned down joint field 
opportunities if they did not seem safe or 
practical with children in tow. Short scout- 
ing trips to get preliminary data on snow melt 
or soil samples were useful for making those 
evaluations, she says. Anderson says that she 
has also been able to find field projects close 
by that still allow her to function as a chauf- 
feur for her teens. 


FIND A WAY 

Whereas the Andersons achieve the right mix 
of field travel and family life through blurry 
work-life boundaries, Rebecca Richards- 
Kortum, a bioengineer at Rice, uses strict 
rules to combine her career with raising her 
six children aged from 4 to 22. 

For example, she has a ‘two weeks or less’ 
rule for travel to Malawi, where she tests life- 
saving medical devices for newborns. It was 
a rule informed by experience: on hearing 
the news that one field trip was going to be 
extended by four days, her then-4-year-old 
daughter — who was at home with dad — had 
a complete meltdown. A parent’s prolonged 
absence from home can leave small chil- 
dren — and spouses — with frayed nerves. 

Now, she does one 10-14-day trip a year, 
working 15-hour days to maximize her 
research, and her husband, also a tenured 
researcher at Rice, takes over her parenting 
responsibilities. And during normal work 
weeks, the couple uses day care and after-school 
programmes instead of babysitters to help set 
limits on time spent at work. 
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rd: & Pa P es i Stat a 
Jaelyn Eberle sometimes takes her son Quin on 
field trips in Colorado. 


“It’s good insurance that I don’t take too 
much advantage of always working late,” she 
says. “The day-care centre closing is a good 
boundary.’ She also schedules her work trips 
to not clash with birthdays, an important fam- 
ily tradition. “Understand where your bound- 
aries are — and figure out a way to stick to 
them,” she advises. 

Eberle, for her part, uses uber-organization 
to help to keep family life on track: she plans 
her Arctic trips almost a year in advance. And 
because her husband’s position at an energy 
company often requires more-than-40-hour 
work weeks, the couple uses an agency to find 
experienced babysitters that meet their needs 
when she is away. The service also steps in 
to find a replacement quickly should one be 
needed. “We wanted someone we didn’t have 
any concerns about,” she says. Eberle notes 
that this arrangement is financially possible 
for her family only because it is not necessary 
year-round. 

Her work on 50-million-year-old rhino-like 
brontothere fossils has to be done on-site and 
in-person. But Tom Painter, a snow hydrolo- 
gist at the Jet Propul- 
sion Laboratory in 
Pasadena, California, 
says that researchers 
should carefully consider whether they actu- 
ally need to attend a remote meeting. 

His own research leads to various engage- 
ments with international scientists and federal, 
state and local water organizations. But as a 
father of two boys, he is wary of getting “car- 
ried off the cliff of busyness”. So he has a strong 
commitment to say no to field travel and off- 
site meetings whenever he can. He uses Google 
Hangouts or Skype to give presentations when- 
ever feasible. He also does the reverse, using 


“It takes a lab to 
raise a child.” 


MARILYN ETTER 


KEN PRESTRUD 


Suzanne Anderson (second from left) took her husband, parents and 9-month-old twins ona trip to 


Alaska to study glacier outbursts. 


video chats to connect with his boys while 
away — but it is not the same as being there 
in person. “We can't shoot baskets,” he says, 
“or kick the soccer ball or wrestle” 


FAMILY CAPITAL 

Single parents, and those who are effectively 
single parents because of long-distance rela- 
tionships, face additional struggles. Jane 
Willenbring, an Earth scientist at the Univer- 
sity of Pennsylvania in Philadelphia, travels 
to the far reaches of Antarctica, Puerto Rico 
and Turkey for her research on erosion and 
long-term climate change, and her husband 
is a political scientist on the opposite coast, at 
Stanford University in Palo Alto, California. 

“JT put in so much time solo parenting that I 
actually feel almost zero guilt,’ she says about 
dropping off her almost-2-year-old daughter 
in Palo Alto so that she can do her fieldwork. 
She will even adda northern Californian pro- 
ject to her portfolio because it would be an 
easy side trip for her to drop off her daughter. 

Because of her family’s situation, Willen- 
bring’s ability to coordinate site visits with 
collaborators is restricted by her husband's 
schedule and even by airline routes. She says 
that she must be frank with colleagues about 
her child-care and family-life requirements, 
and adds that it is ultimately for the best. 
“People are usually more accommodating. 
Or, if not, then you know you dont want to 
work with them,” she says. 

Alain Plante, one of Willenbring’s col- 
leagues, says that her bi-coastal situation lets 
her stockpile what he calls “family capital”. He 
keeps careful track of his own levels, too. 

“Every hour that I take away from my fam- 
ily, I feel like I have to make it up to them,” 
he says. He recently declined a field trip to 


New Jersey because too many other trips had 
depleted his family capital account. 

After spending a month in Mongolia, 
Plante paid back the capital by taking time 
off from work. But piggybacking family 
travel onto work travel can also work well, 
he says — a lectureship in Paris let his family 
spend a month with him. 

The Google Calendar he shares with his 
wife, a counselling professor, is a boon for 
family organization and communication. But 
it also creates a mutual appreciation for how 
busy they both are. “When I ask her to cover 
while I’m gone, that’s not asking a little, that’s 
asking a lot; he says. 

Spousal support and commitment is key 
to finding the time and space to get qual- 
ity research done without disrupting the 
routines that make for happy children, say 
field-working parents. 

Masiello’s favourite piece of advice to 
hand down to young researchers is simply, 
“Marry well” The key to a household that 
runs smoothly with minimal stress while a 
parent is away, she says, is for both partners 
to have loads of patience with each other and 
to put their family first. When Owen had 
the sniffles, they would forgo day care and 
instead take him to work and let him build 
forts under their desks. Similarly, Plante hops 
on a train at 4.30 each afternoon to pick up 
their two girls because his wife teaches even- 
ing classes. “With two people on the tenure 
track, both of us had to be willing to step in 
and pick up the pieces,” Masiello says. 

And, just as importantly, they try not to 
keep score. m 


Kendall Powell is a freelance writer in 
Lafayette, Colorado. 
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REMUNERATION 


Gender gaps 


Last year, male scientists in the United 
States earned 20% more on average than 
did female scientists, according to a report 
by the US National Science Foundation 

in Arlington, Virginia. The Survey of 
Doctorate Recipients looked at salaries 
across academia, government, industry 
and the non-profit sector, and found 

that full-time scientists earn a median 

of US$100,000, with men at $110,000 

and women at $88,000. The disparity is 
probably because of institutional bias 

at the earliest career levels, says Janet 
Bandows Koster, chief executive of the 
Association for Women in Science in 
Alexandria, Virginia. She notes that salary 
differences compound as female scientists 
advance up the career ladder. Women “are 
getting a percentage increase based ona 
smaller amount’, she says. 


GRADUATE EDUCATION 


Cross-discipline focus 


Identifying and providing funding, 
training and mentoring resources for 
graduate students who plan to conduct 
cross-disciplinary research are among 
the principles that graduate institutions 
in 14 countries aim to adopt. The 

US Council of Graduate Schools in 
Washington DC sponsored an annual 
summit this month in St John’s, Canada, 
on promoting best practices in graduate 
education, focusing on interdisciplinary 
research. “The questions that will 
advance human knowledge often lie at 
the boundaries of current disciplines, so 
interdisciplinary knowledge and ways of 
thinking are central to today’s doctoral 
education,’ says council president 
Suzanne Ortega. 


CAREER BREAKS 
Wellcome re-entry 


The Wellcome Trust, a biomedical- 
research charity in London, has published 
an online guide to help researchers return 
to the bench after career breaks. Getting 
Back into Research After a Career Break 
details various funding schemes to facilitate 
the move, and presents case studies of 
those who have returned to research. It 
also offers advice to potential returnees on 
finding mentors and identifying research 
niches. Shewly Choudhury, the trust’s basic 
careers portfolio adviser, says that “the 
guide is there to help people realize that it 
is possible to come back to the lab, and to 
offer advice on how to do it”. 
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Ua SCIENCE FICTION 


POST-APOCALYPTIC 
CONVERSATIONS WITH A SIDEWALK 


BY BETH CATO 


her. As her bony hip and shoulder met 
the concrete, the surface beneath her 
softened to the texture of the foam pads she 
had once used for tumbling exercises in school. 

“Oh dear! I’m terribly sorry. It seems my 
third panel developed an uplift of four milli- 
metres. I do hope you're all right. Should I 
summon assistance?” The voice was young, 
female and perky — though not obnoxious 
in a morning-talk-show-host kind of way. 
The sound came from the sidewalk itself. 

Emma lay still, breathing fast in shock 
from the words, not the fall. “You... the side- 
walk, you talked?” Her voice was creaky with 
misuse. The surface hardened beneath her. 

“Why, yes! ’'m Cy Anara, the Friendly 
Sidewalk™. Good morning. I apologize for 
the uplift that occurred while I was offline. It 
has now been corrected. Do you need emer- 
gency help?” 

Emma rolled herself to a crouch and 
blinked tears from her eyes. How long had it 
been since she heard a human voice — even 
from a computer? She glanced around. The 
street was a ruin, like the rest of the city. A 
blackened sign read, “-OSPICE CARE’ That 
explained the modified sidewalk. Her own 
grandpa had died when a fall and hip frac- 
ture led to pneumonia. 

“Can you summon emergency care?” she 
asked. 

“Yes!” A pause. “Oh dear. It seems that the 
network is currently down. The response sta- 
tus is not listed, but ’'ve queued your request.” 

“It was worth a try. How... how long were 
you offline?” 

“Tt seems that I’ve been offline for seven 
months, five days and three hours. My average 
offline period is three hours, nine minutes.” 

No one had walked this way since the 
attack, then. 

“T really am alone,” she whispered. All 
alone here. Maybe in the country, the world. 
Ifthe blasts hadnt killed them, the virus had. 

“Youre not alone. I will stay online as we 
await emergency responders.” 

How had the sidewalk’s computer sur- 
vived the EMP? Luck? Surely something like 
this hadn't been kept in a Faraday cage. She 
stroked the surface. It still felt like concrete 
but with the tiniest bit of give. 


B= tripped, but the sidewalk caught 
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A trip to remember. 


“Do you always talk to strangers?” A 
hysterical titter escaped her lips. She was 
talking! To a sidewalk! 

“No one is a stranger to a Friendly Side- 
walk!” said Cy. “I act as greeter for Twin 
Doves Hospice. I track a daily average of 53 
residents and 22 regular guests to the facil- 
ity. It’s my hope that you'll 
become a regular, too!” 

About half of the hos- 
pice had burned. Emma 
should investigate. She 
could always use more food 
and clothing for the stock- 
pile, but she didn’t want to 
move. She sprawled out 
on the sidewalk, quiet sobs 
shivering through her body, 
her backpack a heavy shell. 

“I... I'd like to become 
a regular. Can you tell me 


h 
I 


maintenance, but the problem is currently 
queued. I don't believe I heard a reply from 
you regarding more information on Friendly 
Sidewalks. Again, it's totally opt-in after the 
initial mailer!” 

The sidewalk was cool against her cheek. 
Rough, porous, soothing. “Friendly Side- 
walks. There are more of 
you?” 

“Why, yes! I'm glad 
you asked. There are 12 
Friendly Sidewalks within 
a 10-mile radius. We're 
currently hosting a scav- 
enger hunt. If you visit all 
12 locations, you get an 
eco-friendly water bottle! 
Please visit our site for the 
full rules and regulations.” 

Emma scrambled to sit 
and unzipped her back- 


about Friendly Sidewalks? x em eee = pack. She cracked opena 

Howlarge an area do yon A TT 1 otebook warped by rain 

cover right here?” SS ad tears. “The locations? 
“My sensors are distrib- Can you tell me?” 

uted across ten panels of “Of course!” 

sidewalk directly in front If this one had survived, 


of Twin Doves Hospice. I 
take care of my residents. 
As youre interested in Friendly Sidewalks, 
would you like to be sent an introductory 
document regarding our systems? We won't 
subscribe you unless you opt in!” 

Ten panels. Itd be wonderful to bring the 
device home, but Emma had no idea how 
she would go about removing such an inlaid 
system. “You run on batteries? How... how 
much power do you have left?” 

“Yes, [run on batteries! My current bat- 
tery life will keep me online for one hour, 
13 minutes. Oh dear. It seems I’m overdue 
for my annual maintenance. I have queried 
the network. The system is currently down, 
but I’m sure a technician will respond 
shortly.’ A pause. “It’s been three minutes 
since I requested emergency care for you. I 
apologize. I’m querying them again” 

“One hour, 13 minutes.” Emma moaned 
against her fist. “Please God, no. I want to 

talk longer than that.” 


> NATURE.COM “I apologize for 
Follow Futures: the limits of my bat- 
Y @NatureFutures tery. This should have 
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maybe some of the others 
had, too. Maybe they had 
more juice in their batteries. She scribbled 
down the addresses and filled two pages. 
“How much battery life is left now?” 

“One hour, five minutes remaining. The 
maintenance system is currently unrespon- 
sive. I've queried again. Do you still need 
emergency care?” 

Yes. Emma stood. “No... I, ’'m going to 
go now. I need to go. Ican't ... I can’t use you 
up all in one shot. I'll be back tomorrow. I 
promise. I'll be a regular.” She stepped into 
the gutter. “Bye.” 

“Tm glad we're friends! Good-bye, from 
Cy Anara, the Friendly Sidewalk!” 

Silence. 

Emma stared at the sidewalk for a few 
minutes and then hurried on, notebook in 
hand. Food could wait. 

She had more friends to find. m 


Beth Cato resides in Arizona. Her debut 
novel, The Clockwork Dagger, was 
released by HarperCollins Voyager US 
in September 2014. Her website is www. 
bethcato.com. 
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